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T he p redom inan t m eans to detec t nuclear m agnetic  resonance  (N M R ) is to m onito r the vo ltage 
induced  in a rad io frequency  co il b y  the p recessing  m agnetiza tion . To address the sensitiv ity  o f  N M R  
for m ass-lim ited  sam ples it is w orthw h ile  to  m in ia tu rize  th is de tec to r coil. A lthough  m ak ing  sm aller 
co ils seem s a triv ial step, th e  challenges in the design  o f  m icroco il p robeheads are to get the h ighest 
p o ss ib le  sensitiv ity  w h ile  m ain ta in ing  h igh  reso lu tion  and keep ing  the versa tility  to apply  all know n 
N M R  experim en ts. T his m eans tha t the coils h ave  to b e  op tim ized  for a g iven  sam ple geom etry, 
c ircu it losses should  be  avoided, suscep tib ility  b roaden ing  due  to p robe  m ateria ls has to be  
m in im ized , and  finally  the B 1-fields genera ted  b y  th e  r f  coils should  b e  hom ogeneous over the 
sam ple  volum e. T his con tribu tion  com pares th ree  designs tha t h ave  been  m in ia tu rized  for N M R  
detec tion : so leno id  co ils, flat he lica l coils, and the novel strip line  and m icro slo t designs. So far m ost 
em phasis in m icroco il research  w as in liqu id -sta te  N M R . T his con tribu tion  g ives an overv iew  o f  the 
sta te  o f  the art o f m icroco il so lid -sta te  N M R  b y  rev iew ing  lite ra tu re  data  and show ing  the  la test 
resu lts  in  the developm ent o f sta tic  and  m icro  m agic ang le  spinn ing  (m icroM A S) so leno id-based  
p robeheads. B esides their m ass sensitivity , m icroco ils  can also genera te  trem endously  h ig h  r f  fields 
w h ich  are  very  usefu l in various so lid -s ta te  N M R  experim en ts. T he  benefits o f  the strip line 
geom etry  for studying  thin film s are  show n. T his geom etry  also  p roves to  b e  a superio r so lu tion  for 
m icroflu id ic  N M R  im plem en ta tions in  term s o f  sensitiv ity  and  reso lu tion . © 2008  A m erican  
In s titu te  o f  P hysics . [D O I: 10 .1063 /1 .2833560]
I. INTRODUCTION
S ensitiv ity  is the A ch ille s’ heel o f  nuclear m agnetic  re so ­
nance  (N M R ). D esp ite  the fact tha t N M R  probes local in te r­
action and can there fo re  p ro v id e  structural in fo rm ation  on 
the subnanom eter scale, it can  on ly  do so if  at least tens o f 
m illig ram s o f  sam ple  exh ib iting  that struc tu re  is available. 
T his is due  to the very  low  energ ies that a re  invo lved  in the 
nuclear spin transitions. E ven  at the h ighes t p oss ib le  m ag ­
netic  fields the Z eem an splitting  is m uch  low er than  the  th er­
m al energy  kBT  at room  tem perature. A s a resu lt the various 
spin states are a lm ost equally  popu la ted . T his pu ts severe 
constrain ts on the  app licab ility  o f  N M R  in a num ber o f  r e ­
search  fields. H igh-reso lu tion  N M R  analyses can be  p ro b ­
lem atic  for natu ral p roducts w hich  can only  b e  ex trac ted  in 
m inu te  quan tities. T he  sam e is true  for h igh -th roughpu t 
screen ing  or the in  situ  study  o f  reactions in “ lab on a ch ip” 
type  app lications. In  so lid -s ta te  N M R  bo ttlenecks are e n ­
coun tered  if  lim ited  am ounts o f b io log ica l m ateria ls or p re ­
cious m inerals are availab le . T his p ro b lem  is aggravated  if  
specific sam ple geom etries are o f  in te rest such as sm all 
single crystals , th in  film s, or fibers. E .g ., for self-assem bling  
functional m aterials there  m ay  be  bu lk  quantities o f the
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starting  m ateria l p resen t bu t the specific functionalized  m o ­
lecu lar assem bly  genera lly  com es only  in nano liter qu an ti­
ties.
C onsidering  the po ten tia l o f  N M R  in term s o f  p rov id ing  
local structu ral in fo rm ation  and in sigh t in to  m olecu lar d y ­
nam ics, m ethod  developm ent has been  focused  m ain ly  on 
dev ising  new  pu lse  sequences tha t m ake  it po ss ib le  to  either 
average  or (re-)in troduce  certa in  parts o f  the spin H am il­
ton ian  so tha t structural in fo rm ation  can b e  ex trac ted  in a 
c lea r and unam biguous w ay. N ow  tha t th e  m ajo rity  o f  these 
techn iques h av e  com e to m atu rity  and  N M R  has estab lished  
its rep u ta tio n  as one o f  th e  m ost versa tile  analysis tech ­
n iques, one observes a surge o f  in terest for sensitiv ity  en ­
h ancem en t m ethods as is also ev idenced  by  various co n tri­
bu tions in  this issue.
T he m ost p rom ising  approach  is to  p repo la rize  the spin 
system  b y  po lariza tion  transfer. T he  m ajo rity  o f  experim ents 
on low  gam m a nuclei invo lve  transfer o f po lariza tion  from  
abundan tly  p resen t p ro ton  spins w h ich  h ave  a m uch  larger 
Z eem an splitting , a llow ing  an enhancem en t p ropo rtional to 
the  ra tio  o f  th e  gy rom agnetic  constan ts. S ince the electron 
m agnetic  m om en t is m uch  larger than  any nuclear m om ent, 
exp lo iting  the coup ling  o f  the nuclear spins to unpa ired  e lec ­
tron spins can b e  very  advantageous. T his dynam ic  nuclear 
p o lariza tion  (D N P) phenom enon  is be ing  investiga ted  w ith 
vary ing  intensity . Shortly  after d iscovery  o f  N M R  the tran s­
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fer m echanism s, such  as the nuclear O verhauser effec t1 or 
the so lid  effect, underly ing  various form s o f  po lariza tion  
transfer w ere  desc rib ed .2
W ith  the advent o f h igh -reso lu tion  so lid -sta te  N M R , 
D N P  research  reem erged  and focused  on the investiga tion  of 
m aterials w here  unpa ired  e lec trons are  inheren tly  p resen t 
such as d iam onds, coal, chars, doped  organic  po lym ers, etc. 
W ith  the d rive  to  h ig h er ex ternal N M R  fields the in te rest for 
D N P  declined , how ever, s ince the strengths o f  the m ain  p o ­
larization  transfer effects b ecom e less effic ien t at h igher 
m agnetic  fields. M oreover there  w as no c lea r stra tegy  to 
m ake D N P  m ore  genera lly  app licab le  to m aterials w ithou t 
u npaired  e lec trons. It w as the  p ioneering  w ork  o f  G riffin  and 
co -w orkers tha t changed  this situation  by  in troducing  su it­
able m icrow ave  sources4,5 for h igh-fie ld  D N P -N M R , o p ti­
m izing  sam ple p repara tion  techn iques using  frozen  solutions 
con tain ing  rad ica ls ,6 and studying  the transfer m echanism s 
that can  be  exp lo ited  at h igh  fields. T his know ledge is now  
exp lo ited  in the developm ent o f  new  rad ica ls and rad ica l 
m ix tures tha t op tim ize  th e  transfer effic iency  using  th ree-
8 9spin p rocesses. Insp ired  by  the D N P  w ork  on frozen so lu ­
tions A rdenk jaer-L arsen  et a l.10 d eveloped  a p ro toco l to 
qu ick ly  d ilu te  these  solu tions after D N P  enhancem en t to p ro ­
duce  h igh ly  po la rized  m olecu les to  b e  u sed  in liqu id -sta te  
N M R  and specifically  in vitro  and in v ivo  app lications. This 
approach , w h ich  w ill lead  to m any  p rac tica l app lications and 
trigger fu rther m ethodo log ica l investiga tions, has been  co m ­
m ercia lized . A  m ore  a ttrac tive  approach  to w ork ing  w ith  p e r­
m anen tly  p resen t unpaired  e lec trons , w h ich  can  h ave  a d e t­
rim en ta l effec t on spectral reso lu tion , w ou ld  be  to 
tem porarily  c rea te  them , e .g ., b y  op tica lly  exciting  e lec tron  
spins in to  trip le t s ta tes .11,12 T his has proven  to b e  d ifficu lt to
13harness in h igh-reso lu tion  N M R , how ever. In sem iconduc­
tors op tica lly  enhanced  po lariza tion  due  to pho toexcited  
sp in -po larized  e lec trons is m ore  read ily  o bserved ,14 bu t 
transfer o f  th is po lariza tion  to  (deposited) organic or b io lo g i­
cal com pounds has no t been  taken  up  y e t.15,16
In liqu ids, nuclea r hyperpo lariza tion  by  chem ica lly  in ­
duced  rad ica l pa irs has p roven  to b e  m uch  m ore 
access ib le .17- 19 T his chem ically  induced  dynam ic  nuclea r p o ­
larization  (C ID N P) has been  u sed  ex tensively  to study 
chem ical reac tions form ing  rad ica l in te rm ed ia tes .20 B y p ro b ­
ing (changes in) the so lven t accessib ility  o f  tryp tophan , ty ­
rosine, and h is tid ine  residues in  p ro te ins b y  m eans o f  laser- 
induced  pho tochem ical reac tion  in fo rm ation  about the 
fo ld ing o f  pro te ins can b e  o b ta ined .21,22 M o re  recen tly  p h o to ­
induced  po lariza tion  has also been  exp lo red  in pho tosyn-
23 24thetic  reaction  cen te rs in so lid -s ta te  N M R . O ngoing  re ­
search  b y  D ille r e t al. g ives in sigh t in the m echanism s
25involved . T his ho lds som e p ro m ise  as an alternative  p o la r­
ization  source i f  synthetic  pho to reaction  centers can  be  
m ade.
A no ther p rom ising  chem ical approach  to p ro d u ce  h igh ly  
sp in -po larized  m olecu les is the u se  o f  parahydrogen  (p -H 2) 
in hydrogenation  reactions p e rfo rm ed  either in  h igh  field26 or
27zero field  w ith  subsequen t cycling  to h ig h  field. P arahyd ro ­
gen (hydrogen  w ith  the coup led  p ro ton  spins in th e  singlet 
state) is stab le  in  liqu id  solu tions and can  b e  u sed  as a fu lly  
sp in -po larized  reactan t. In  m ost hydrogenation  reactions the
sym m etry  o f  the p ro ton  p a ir w ill b e  b roken  lead ing  to h igh ly  
sp in -po larized  reaction  products g iv ing  strong ly  enhanced  
spectral N M R  resonances. T his can  b e  u sed  no t on ly  to id en ­
tify  reaction  in term ed ia tes and study  the reaction  k inetics bu t 
also to p ro d u ce  po la rized  m olecu les w h ich  can subsequently  
b e  u sed  in in vitro  or in v ivo  m agnetic  resonance  spectro s­
copy  and im aging  ex p erim en ts .28-30
In solids a m ore  exo tic  m echan ism  to exp lo it the  spin 
statistics o f  ind istingu ishab le  p ro tons is th e  H aup t e ffec t.31,32 
In th is case  the coup ling  o f  m ethy l ro ta tional states to  the 
nuclear spin states at low  tem pera tu res is exp lo ited . A fte r a 
fast tem pera tu re  jum p, the ro ta tional states can  fu lly  therm al- 
ize  on ly  by  inducing  nuclear spin flips. T he ro ta tional states 
equ ilib ra te  fast w ith in  the  d ifferen t p ro ton  isom ers bu t cross 
re laxation  is m uch  slow er lead ing  to  a coo ling  o f the spin
33,34system .
Finally , in the gas phase  one can u se  the  selection  rules 
o f  optical transitions in alkali m eta ls to sp in -selectively- 
pum p an atom ic transition . In  d ilu ted  gases this spin p o la r­
iza tion  can b e  transferred  b y  co llisions to nob le  gases such as 
3H e or 129X e .15 T his is the m ost developed  po lariza tion  en ­
hancem en t techn ique w here  the h igh  deg ree  o f  po lariza tion  
is com bined  w ith  the sensitiv ity  o f  the 129X e chem ical shift 
for its d irec t su rround ings.35 B eing  a gas 129X e N M R  is used  
ex tensively  to  study  m eso- and  m icroporous so lids such as 
h e terogeneous ca ta ly sts36 or p o ly m ers .37 B ecause  o f  its b in d ­
ing  to  lip ids and p ro teins 129X e N M R  has also been  targeted  
for b io log ica l ap p lica tions.38 T rapped  in  cryp tophane-A  
cages it can  be  u sed  as a b io senso r.39,40 H yperpo larized  gases 
are also very  popu la r in m agnetic  resonance  im aging  
(M R I),41 w here  3H e is especia lly  in teresting  for lung 
im ag in g .42 T ransferring  the po lariza tion  to  o ther com pounds 
using  cross po lariza tion  or spin po lariza tion -induced  nuclear 
O verhauser effec t (SPIN O E) (R ef. 4 3 ) has no t found  w id e ­
sp read  app lication . In the low -tem peratu re  reg im e residence  
tim e  o f  the xenon  is long enough  tha t the study o f  crystal 
surfaces becom es feasible , h o w ever.44
A s has been  sum m arized  above g rea t p rogress has been 
m ade  in th e  various approaches to enhance  th e  N M R  spin 
transitions by  estab lish ing  non-B oltzm ann  popu la tions in the 
spin system . So far, how ever, there  is no generic  p ro toco l 
tha t can  b e  u sed  to spin p o la rize  any substance. In  fact, m ost 
so lu tions described  above only  w ork  for certa in  classes o f 
m ateria l and need  substan tia l investm en t in add itional h a rd ­
w are. T herefo re  it is o f in terest to exp lo re  a lternatives such 
as op tim izing  the cu rren tly  u sed  detec to r techno logy  for 
m ass-lim ited  sam ples. E ven  if  the po ten tia l gains are  m uch 
sm aller it should  b e  rea lized  tha t a signal gain o f a factor o f 
10 w ill b ring  dow n experim en t tim e  b y  a factor o f 100 w hich 
can easily  bring  the m easu rem en t tim es for various ex p eri­
m ents so far considered  im possib le  dow n to a feasib le  level.
P resently , the  p redom inan t m eans to detec t N M R  is to 
m on ito r th e  vo ltage  induced  in  a rad io frequency  coil by  the 
p recessing  sam ple m agnetiza tion . A s has been  rev iew ed  by  
W ebb,45 using  the H o u lt-R ich a rd s  approach 46 to  describe  the 
s ignal-to -no ise  ra tio  in  an induc tive ly  detec ted  N M R  ex p eri­
m ent, th e  sensitiv ity  o f  a so lenoid  N M R  coil is inversely  
p ropo rtional to th e  co il d iam eter g iven  a constan t leng th-to - 
d iam eter ra tio . In 1994 W ebb and  co -w orkers dem onstra ted
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that b y  m in ia tu riz ing  the detec tion  coil, th e  N M R  sam ple 
vo lum e could  b e  b rough t dow n to the nano liter reg im e .47,48 
T his has triggered  substan tia l research  in to  the u se  o f m icro ­
coils (loosely  defined  h e re  as coils w ith  less than  1 m m  d i­
am eter) m ain ly  in liqu id -sta te  h igh -reso lu tion  N M R  as has 
been  rev iew ed  recen tly  by  W ebb .49 In liqu id -sta te  N M R  tw o 
d ifferen t approaches tow ard  m in ia tu riza tion  are pursued : one 
focuses on cap illa ry  N M R ,50,51 w here  tigh tly  w ound  so le ­
noids are th e  p redom inan t co il design and the second  ap ­
p roach  is to w ork  in m icroflu id ic  dev ices w h ich  u se  p lanar 
he lica l structures for the detec tion  o f  th e  N M R  sig n a l.52-55 
O f considerab le  in te rest for liqu id -sta te  N M R  is the h y p h en ­
ation w ith  o ther analysis and m icrosepara tion  techniques 
such as liqu id  chrom atography , e lec trophoresis, and even  gas 
ch rom atography .56- 59
A lth o u g h  m ak ing  sm aller co ils seem s a triv ia l step, the 
challenges in  th e  design  o f  m icroco il p robeheads are to get 
the h ig h es t p oss ib le  sensitiv ity  w h ile  m ain ta in ing  h igh  re so ­
lu tion  and keep ing  the versa tility  to app ly  all know n N M R  
experim en ts. T his m eans tha t the co ils h av e  to b e  op tim ized  
for a g iven sam ple  geom etry , c ircu it losses should  be  
avoided, suscep tib ility  b roaden ing  due  to p robe  m ateria ls has 
to b e  m in im ized , and finally  th e  B 1-fields genera ted  by  the rf  
co ils should  b e  hom ogeneous over the sam ple volum e. 
M oreover, the r f  c ircu it should  b e  sim ultaneously  tunab le  for 
m ultip le  frequencies to a llow  m ultinuclear experim ents. T he 
basic  considera tions for so lenoid  m icroco ils  h ave  been  re ­
v iew ed  by  W ebb .45 O ptim ization  o f  r f  h o m ogene ity  and 
signal-to -no ise  ratio  is trea ted  by  M in a rd  and W in d ;60,61 they  
gave  c lea r gu idelines for th e  design  o f  so leno id  m icrocoils 
w ith  respec t to the num ber o f  w ind ings and w ire  diam eters 
depend ing  on th e  conductiv ity  o f  the sam ples. E n ge lke  has 
described  th e  specific p rob lem s tha t are encoun te red  in the 
h igh -frequency  operation  o f  so lenoid  co ils w here  th e  w av e­
leng th  o f  the r f  irrad ia tion  is no longer large w ith  respec t to 
the co il d im en sio n s.62 E rog lu  et al. h av e  specifically  ana­
lyzed  the design  param eters for flat he lica l coils, in p a rticu ­
lar, for u se  in  m icroflu id ic  devices, show ing  tha t h igh  
vo lum e/m ass sensitiv ity  is ach ievab le  at m odera te  spectral 
reso lu tion  as the c lose  p rox im ity  o f  th e  co il to the sam ple 
degrades th e  local B 0-field h o m ogeneity .63
C onsidering  the am oun t o f  w ork  in the  field  o f h ig h ­
reso lu tion  liqu id -sta te  N M R  it is su rprising  to  see tha t there 
has been  re la tive ly  little  research  tow ard  the p oss ib le  u se  o f 
m icrocoils in so lid -s ta te  N M R . F avo rab le  characteristics o f 
so lid -sta te  N M R  in this respec t are  tha t the dem ands for 
spectral reso lu tion  are som ew hat re laxed  and  tha t in  m any  
cases th e  spin density  o f  the sam ple is re la tive ly  h igh . T ech­
n ica lly  invo lved  is th e  fact tha t the sam ple has to  b e  spun at 
the m ag ic  ang le  to  obtain  iso trop ic  spectra  for pow dered  
sam ples.
T his con tribu tion  rev iew s the  cu rren t sta te  o f  the art o f 
m icrocoil so lid -s ta te  N M R  w ith  som e em phasis on our e f ­
forts in th e  deve lopm en t o f  sta tic64 and m icro  m agic angle  
spinn ing  (m icroM A S) so leno id -based  p ro b eh ead s65 and  the 
developm ent o f  static p robes op tim ized  for th in  film s. F or 
the la tte r app lication  th e  strip line  geom etry ,66,67 w hich  also 
proves to  b e  a superio r so lu tion  for m icroflu id ic  N M R  im p le ­
m en tations as w ill b e  d iscussed , has been  in troduced .
II. SENSITIVITY CONSIDERATIONS
T he m otivation  to m in ia tu rize  the  rece iver co il is based  
on th e  p rinc ip le  o f  rec ip roc ity  as in troduced  by  H oult and 
R ich a rd s .46 A s stated  in the d idactica l rev iew s by  H ou lt68,69 
this m eans tha t the B 1-field crea ted  at the  N M R  sam ple by 
app ly ing  a certain  cu rren t to the N M R  rece iver co il is p ro ­
po rtiona l to  the signal streng th  induced  in th e  co il b y  the 
p recessing  m agnetiza tion  M  in th e  sam ple during  signal d e ­
tection . In o ther w ords, a co il tha t generates a h ig h  B 1-field 
p er u n it cu rren t is also a sensitive  detec tion  coil. T his also 
im plies tha t one needs to p u t the sam ple at the position  
w here  the co il concen tra tes m ost o f  its m agnetic  energy.
B ased  on these  considera tions starting  from  the m ag n i­
tude  o f the m agnetiza tion  M 0 per u n it volum e, g iven  by  C u ­
r ie ’s law  in the h igh -tem pera tu re  lim it,
M 0 = N y 2h 2I ( I  + 1) Bo
3 kn T  '
( 1)
w here  N  is the num ber o f  sp ins p e r u n it volum e, y  th e  gy- 
rom agnetic  ra tio , I  the  spin quan tum  num ber, B 0 th e  static 
field, T  the  tem pera tu re , and h  (h  = h / 2-n) and  k B are P lan ck ’s 
and B o ltzm an n ’s constan ts, respective ly ; the signal-to -no ise  
ra tio  in  th e  rece iver co il can  b e  deduced . T he signal s  in ­
duced  in the co il due  to the p recessing  m agnetiza tion  m  in an 
in fin itesim al vo lum e at position  r  in  th e  co il is
d  IB i (r) ( t)l
s '  -  d A  _ T m ( r r)1 ,
(2 )
w here  B 1(r) / i is th e  m agnetic  field  induced  in  th e  r f  co il per 
un it current. U sing  th e  exp ression  for th e  therm al no ise  in an 
e lec trica l conduc to r N R =  V4 k BT R A f  w ith  A f  being  the spec­
tral bandw id th  and R  is the res is tance  due  to  conductive  
losses in the co il and sam ple , in teg ra ting  over the  w ho le  
sam ple  vo lum e the signal-to -no ise  ra tio  o f the N M R  ex p eri­
m en t is obtained:
S
N '
ko I —  ) v sN y h 2I ( I  + 1 )
kBT3V2
F \j4 k BT R A f
(3)
w here  k 0 is a scaling  factor accounting  for the r f  inhom oge­
neity  o f  the coil, VS th e  sam ple vo lum e, w0 the  nuclea r Lar- 
m or p recession  frequency, and F  the  no ise  fac to r o f th e  spec­
trom eter. It is assum ed im plic itly  in this derivation  tha t the 
dom inating  no ise  sources are the co il and possib ly  the 
sam ple b u t no t the pream plifier. In tha t case  the quality  factor 
Q  o f  the  L C  c ircu it does no t en ter in to  the equation  since 
bo th  signal and no ise  are am plified  by  th e  sam e am ount. 
F ro m  E q. (3) the possib ilities to op tim ize  sensitiv ity  are eas­
ily  identified . T he obvious cho ice  is to go to  the h ighest 
p oss ib le  ex ternal field  to  m ax im ize  w 0; fu rtherm ore, it is ad ­
van tageous to coo l the detec to r c ircu itry  as is done in so- 
ca lled  cryoprobes to red u ce  the no ise  and i f  p o ss ib le  cool the 
sam ple  lead ing  to a rec ip rocal increase  in the m agnetiza tion . 
In term s o f  th e  design o f  the detec to r coil one should  o p ti­
m ize  the filling factor and as sta ted  by  the rec ip roc ity  th eo ­
rem  design  the co il such  tha t the h ighest p o ss ib le  r f  field  is 
genera ted  per u n it curren t, i.e., m ax im ize  B 1 / i. It goes w ith-
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out saying tha t one should  m in im ize  all poss ib le  losses in  the 
r f  c ircu it as the actual s ignal-to -no ise  (S/N) ra tio  is p ro p o r­
tional to S / N  ~ B 1 / i^ R .  T he  leng th  o f  coil w ire  should  be  
short w ith  respec t to  the r f  w aveleng th  to genera te  a un ifo rm  
B 1-fie ld .62,69 T he coil geom etry  is an im portan t design p a ­
ram eter to get h igh  sensitiv ity ; to  get the  optim al S /N  ratio  
the co il design  has to  be  adapted  to  the specific size and 
shape o f  the sam ple, genera ting  a h igh  (and for m ost ex p e ri­
m ents un ifo rm ) B 1-field at th e  site  o f  the sam ple. F o r a h igh 
effec tive  filling factor the in teg ra ted  m agnetic  energy  
( ~ /B \d V )  ou tside th e  sam ple should  b e  as low  as possib le. 
A  m ore  ex tensive  set o f  gu idelines for co il design  can be 
found  e lsew h ere .66
III. COIL GEOMETRY 
A. Helical
In so lid -sta te  N M R  th e  so lenoid  coil is the p redom inan t 
coil geom etry . F ro m  tex tbook  physics it is w ell know n that 
tigh tly  w inding  a long w ire  in th e  fo rm  o f a he lix  is an 
efficient w ay  to  p roduce  a strong and  nearly  un ifo rm  field  in 
the coil interior. F o r so lid  sam ples such  as pow ders or sing le  
crystals in a cy lind rica l sam ple ho lder this is a conven ien t 
geom etry  as th e  coil can  b e  tigh tly  w ound  around  the  sam ple 
ho lder p rov id ing  a good  filling factor. It also prov ides an 
obvious sym m etry  for sam ple ro ta tion  around  an axis, e.g., 
for crystal ro ta tion  studies or m agic  angle  spinning. N ote, 
how ever, that about h a lf  o f  the m agnetic  energy  is ou tside 
the coil w h ich  pu ts an u pper lim it to  the efficiency. T he B 1 / i  
factor o f  the so leno id  is very  good; it does no t only  ensures 
a h igh  detec tion  sensitiv ity  b u t also m akes it p o ss ib le  to g en ­
era te  very  large r f  fields w h ich  are, e.g., u sefu l for the ex c i­
ta tion  o f  very  b road  spectra. T he cen te r field  o f  a cy lindrical 
coil can  b e  deduced  using  B io t-S a v a rt’s law  as follow s:
Bi ^o« 1
i 2 r  Vl + ( ll2 r)2 ’
(4)
w here  /x0 is th e  perm eab ility  o f  free space, n  the  num ber o f 
turns in  the coil, and  r  and l th e  rad ius and leng th  o f  the  coil. 
E quation  (4) m akes it c lea r tha t sensitiv ity  increases w ith  the 
inverse  o f  the d iam eter for coils w ith  a fixed form  factor 
l /  2 r , w h ich  is th e  basic  ra tiona le  for using  m icroco ils to  get 
N M R  spectra  from  m ass/vo lum e-lim ited  sam ples. E ven  for 
an ideal so leno id  the B 1-field falls o ff to  h a lf  the cen te r field 
at the ends o f  th e  helix . T his inheren t r f  inhom ogeneity  is 
am plified  by  the fact tha t para lle l cu rren ts repel each  other, 
lead ing  to a red istribu tion  o f  the cu rren t aw ay from  the axis 
for th e  ou term ost w indings. T he decrease  in  rf-fie ld  streng th  
at th e  edge o f  the co il can  be  som ew hat coun terac ted  by  
reducing  the w inding  p itch  at the end  o f  th e  coil (so-called  
end -com pensated  co ils).70 Solenoids can b e  m in ia tu rized  
re la tive ly  easy  to co il d iam eters o f about 100 f im  as has 
been  dem onstra ted  in various designs aim ing  at d ifferen t liq ­
u id  and solid  N M R  ap p lica tions.64,65,71- 76 A s the w ire  d iam ­
eters b ecom e very  sm all th is is a d e lica te  jo b  and the  re su lt­
ing co ils are ex trem ely  fragile . W ire w ith  d iam eters dow n to 
—25 /xm  is com m ercia lly  availab le . Scaling  dow n a so lenoid  
w ith  a constan t form  fac to r h a rd ly  affects its res is tance  as 
long as the w ire  d iam eter is large w ith  respec t to th e  penetra-
FIG. 1. (Color online) Illustration of the microcoil integrated in a high- 
frequency laminate which can easily be integrated in tuning circuit without 
introducing resistive losses due to connecting leads. This also provides good 
thermal anchoring for the coil.
77tion  dep th  o f  th e  r f  rad ia tion . C onsidering  th e  sm all d im en ­
sions o f  th e  co il ex tra  care  m ust b e  taken  to  avoid  signal 
losses due  to  the leads connecting  the  co il to  the circu it. 
F u rtherm ore  these  leads b reak  th e  sym m etry  o f the co il add ­
ing  to  the  r f  inhom ogeneity . G enera l design  gu idelines in 
term s o f  co il leng th  depend ing  on the requ ired  hom ogeneity , 
w ire  diam eter, and  num ber o f  w ind ings h ave  been  fo rm u­
la ted  b y  M in ard  and W ind 60,61 for b o th  lossy  and nonlossy  
sam ples.
W e in troduced  the design  show n in F ig . 1 to m in im ize 
m ost o f  the p rob lem s o f  the m icro so len o id s.64 T he crucial 
innovation  o f  this design  is to  em bed  the helix  in the center 
o f  a cu stom -m ade capacito r disk, w h ich  prov ides an L C  g e ­
om etry  w ith  very  short connections. T his m in im izes the re ­
sistive r f  losses and  prov ides a good  therm al anchoring  o f  the 
coil. S ince the cu rren ts in the capacito r p la tes are essen tially  
rad ia l, a m in im um  d isto rtion  o f  th e  r f  field  pattern  is 
ach ieved . F u rtherm ore  th is g ives the design  th e  m echanical 
r ig id ity  to  b e  ab le  to load  and un load  sam ples w ithou t b reak ­
ing  the coil. T he m icroco il itse lf  is w ound  on a vespel coil 
fo rm er w ith  a th read  tha t is cu t on a com puter num erical 
con tro l (C N C ) lathe. T his also  allow s for the im plem entation  
o f  end  com pensation  if  needed . To further im prove the filling 
factor in the  new est design  th e  m icroco il is fixed inside  a 
quartz  sleeve  m ak ing  a co il fo rm er on the inside  o f the coil 
no longer necessary  (Fig. 2 ) . T he coil in  its sleeve  is em b ed ­
ded  in  a custom -m ade c ircu it on a h igh -frequency  lam inate . 
C oils dow n to 200 x m  h ave  been  constructed  being  efficient 
de tec tors for sing le  crystals and  pow ders in the nanoliter/ 
m icrogram  reg im e .64 T he  geom etry  is also favorab le  to  study
78orien ted  fibers. B y  m oun ting  th is c ircu it on a m acroscopic  
M A S  stator it p roved  p o ss ib le  to construct p iggyback  m agic 
ang le  sp inn ing  p ro b eh ead s65 (see below ) allow ing h ig h ­
reso lu tion  so lid -sta te  N M R  for sam ples w here  only  several 
m icrogram s o f m ateria l are availab le  (see below ).
B. Flat helical
M an y  in teresting  solid  sam ples are grow n as th in  film s, 
coated  onto  a surface, or o rien ted  on g lass p lates such  as
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FIG. 2. (Color online) Actual photograph of the microcoil production, indi­
cating the dimensions of the coil. The microcoil consisting of a 50 xm 
insulated copper wire is tightly wound on a 220 xm wire, and inserted in a 
quartz sleeve to provide mechanical rigidity.
lip id  b ilayers. A  so lenoid  is no t w ell adap ted  to that geom etry  
and alternative  co il form s are needed  to be  ab le  to  investiga te  
such sam ples b y  N M R . F la t rec tangu la r so leno id  coils have 
been  in troduced  in w h ich  it is p oss ib le  to stack  aligned  lip id
79,80b ilayer sam ples on g lass p la tes. ’ T his approach  still needs 
a substan tial am oun t o f  sam ple and the p o ss ib ility  to  stack  a 
large num ber o f  surface layers. To study  th in  film s in their 
actual setting  a p lanar de tec to r is necessary  p re fe rab ly  sca l­
able to the availab le  sam ple d im ensions. P lanar co ils are 
very  com m on for localized  M R I and again  sp iral design is 
the m ost com m on geom etry . A s standard  lithography  te ch ­
niques can b e  u sed  to define structures w ith  d im ensions 
dow n to b e low  1 f im  it is p o ss ib le  to  scale dow n flat helical 
coils to  very  sm all d im ensions. A  typ ical co il layou t w ith  the 
co rrespond ing  r f  field  p rofile  is show n in F ig . 3 . A  detailed  
analysis o f  such  a surface  spiral, as show n in F ig . 4 , indicates 
that this design  has som e serious d raw backs, how ever. First, 
every  w ind ing  tha t is added  is less efficient than  the p rev ious 
one as it con tribu tes less to  the cen te r axial field  b u t it in ­
creasing ly  adds to the res is tive  losses in the coil. Second, the 
fields p roduced  b y  th e  outer w ind ings cause  considerab le  
eddy  cu rren ts in th e  cen ter w ind ings adding add itional losses 
and low ering  th e  field  hom ogeneity  in th e  cen ter region. 
T herefo re  th e  op tim um  for a flat he lix  is found  for a sing le  or 
a few  w indings depend ing  on the op tim ization  o f  h igh  
B 1-field versus op tim um  sensitivity . A  th ird  d isadvantageous 
aspect o f  surface  coils is tha t the innerm ost w inding  has to  be  
connected  to th e  con tac t pads v ia  a b ridge. T his no t only 
fu rther d isrup ts the r f  hom ogene ity  b u t also com plicates p ro ­
duction  w ith  the need  o f  ex tra  layers and thus in troducing  
additional losses. N evertheless efficient de tec tors can  be  
m ade in  th is w ay. B esides for im ag ing  purposes this co il type 
has been  p u t fo rw ard  for u se  in  m icroflu id ic  devices w here 
one also needs flat s tru c tu res .52- 55 T he ca lcu la tion  o f the  B 1 / i 
and the co il res is tance  o f  this design, together w ith  an an a ly ­
sis o f  the sensitiv ity  as function  o f  the num ber o f  w indings 
has been  g iven  by  E rog lu  et a l.63
J. Chem. Phys. 128, 052202 (2008)
FIG. 3. (Color) Planar microcoil with six windings, inner diameter 300 xm, 
and outer diameter 1.4 mm. The bridge necessary to connect the inner wind­
ing to the contact pad is clearly visible. The rf-field intensity is represented 
in a colormap. The red box points out the volume that is commonly used for 
NMR with the B1-field pointing in the axial direction. Above the wire the 
B 1-field mostly points in the radial direction (yellow box). Adapted from 
Ref. 66.
C. Stripline
T he only  requ irem en t for N M R  excitation  and  detec tion  
is that a sufficiently  strong B 1 com ponen t is genera ted  p e r­
p end icu la r to  the static  B 0-field and  there fo re  any structu re  is 
allow ed . F ro m  tex tbook  physics it is know n that runn ing  a 
cu rren t i th rough  a stra igh t w ire  w ill genera te  a cy lindrical 
B 1-field around  this w ire. W ith  the w ire  para lle l to the ex te r­
nal field  d irection  th e  B 1-field is o rien ted  perpend icu la r to  the 
ex ternal static  field at all positions in space and can thus be  
u sed  to excite  a N M R  transition . B y rec ip roc ity  the sam e 
w ire  can be  u sed  to detec t the  N M R  signal. It shou ld  be 
rea lized  that because  B 1 poin ts in  d ifferen t d irections in 
space, the spins do no t h ave  a un ifo rm  p recession  in space 
after a pu lse  has been  applied . N evertheless they  all co n trib ­
u te  in phase  to  th e  induction  vo ltage  across the w ire  as in d i­
ca ted  by  E q. (2 ). C learly  a sim ple w ire  is no t an efficient 
N M R  detec to r as th e  rf-fie ld  strength  decays inverse ly  w ith  
the  d is tance  to  the w ire. T his can  b e  rem ed ied  to  som e ex ten t 
b y  pu tting  a cy lind rica l conduc to r around  the w ire  as in  co ­
axial arrangem ent. T his geom etry  indeed  resu lts  in a sensi-
81tive  N M R  detec to r as u sed  in to ro id  cav ities. F o r regu lar 
N M R  its d raw back  is th e  rem ain ing  strong r f  inhom ogeneity ; 
this can  b e  exp lo ited  favorably, how ever, in  im ag ing  and
d iffusion  ex p e rim en ts .82,83
T he strip line  can be  seen as a tw o-d im ensional analog o f 
such  a coax  line. In a strip line  th e  cu rren t is fed  th rough  a 
th in  m etal strip . A  non rad ia tive  closed  configuration  is re a l­
ized  b y  p lac ing  g round  p lanes b o th  above and below  the 
strip . T he m agnetic  field  lines encirc le  the cen tra l strip  as is 
show n in F ig . 5 . T he  B 1-field po in ts in opposite  d irections 
above and b e low  the  strip line but, as in  the  case  o f  th e  single 
w ire, sam ple pu t at b o th  sides o f  the strip  w ill con tribu te  in 
phase  to  th e  signal. T he boundary  cond itions at the m etal 
su rface  d ic ta te  tha t the field  lines run  para lle l to this surface;
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FIG. 4. Analysis of an idealized planar microcoil with 
an inner diameter of 100 xm and a spacing of 13.2 xm 
between the windings. The effect of adding concentric 
windings is analyzed analytically based on Biot- 
Savart’s law. The width and height of the copper depos­
its are taken to be 40 X 20 xm2. Adding more windings 
increases B1 / i in the center of the field but the signal- 
to-noise ratio for a given number of spins goes down as 
each new winding introduces more resistive losses and 
has a relatively low filling factor (see text).
as a resu lt a very  good  B 1-field hom ogeneity  is rea lized . O ur 
strip line design67 is based  on quarter or h a lf  w aveleng th  
resonato rs (Fig. 5) tha t can  in  p rinc ip le  be  constructed  on a 
chip w ith  no d iscre te  so ldered  elem ents in th e  resonating  
circuit. In com parison  w ith  the p lanar he lix  the strip line  has 
the advan tage  tha t all connections can b e  m ade  in the sam e 
p lane, rem ov ing  the p rob lem s associa ted  w ith  the connection  
to ano ther p lane. T he cu rren t d is tribu tion  over th e  strip  is 
fairly  hom ogeneous excep t at th e  very  edges, and  eddy  cu r­
rents are avoided. B y  analy tica lly  evalua ting  the expressions 
for B 1 / i and th e  res istance  R  o f  a cy lind rica l cu rren t shell 
and a strip line  o f  equal vo lum e one finds tha t the signal-to- 
no ise  ra tio  can b e  a factor V2 b e tte r for the  strip line. N u m eri­
cal fin ite  e lem en t calcu lations find a sim ilar sensitiv ity  re la ­
tion  for the d ifferen t g eo m etrie s .67 A  very  in teresting  feature  
o f th e  strip line  design  is that the surface can be  scaled  in a 
sim ple and triv ial w ay  so tha t optim al m atch ing  for specific 
sam ple sizes is feasib le .
S trip lines and m icrostrips (w hich h av e  only  one g round  
p lane) are very  popu la r as transm ission  lines in in teg ra ted  
m icrow ave circu its. So far there has been  one accoun t o f
84using  m icrostrips to  b u ild  square surface coils for M R I. 
R ecen tly  M ag u ire  e t a l. in troduced  th e  m icro slo t design  that 
bears com m on ideas to  the strip line  d e s ig n .85 In bo th  cases 
the sam ple sits c lose  to a sm all m etal strip  carry ing  the r f  
current. In the m icroslo t design  no a ttem pt is m ade  to h o ­
m ogen ize  the B 1-field as g round  p lanes are absent. B o th  d e ­
signs g ive  som e very  p rom ising  resu lts  bo th  in term s o f  sen ­
sitiv ity  and reso lu tion .
FIG. 5. (Color) Illustration of the stripline design. In the X/ 2 configuration 
the current maximum is in the middle. Due to the constriction the current 
density will be strongly enhanced. As is shown in the cross section by 
sandwiching the strip between two ground planes a volume with a high a 
uniform and high Br field is created, ideal for high-sensitivity NMR.
Finally , a p o in t o f  concern  in  N M R  o f b io log ica l sam ples 
is the d ie lec tric  sam ple heating  due  to r f  cu rren ts induced  in 
the  sam ple. H ere  again  the strip line  is a favorab le  configu ra­
tion  especia lly  w hen  designed  as a X/2  m ode structu re  (Fig. 
5) . In this case  the e lec trical field  is zero  at the cen te r o f the 
strip  due to  the sym m etry  o f  the design . Furtherm ore , the 
su rface  area and the d ie lec tric  m ateria l can  b e  chosen  to p ro ­
v ide  op tim um  cooling  if  long and  in tense  r f  irrad ia tion  o f  the 
sam ples is necessary . N um erica l sim ulations h av e  show n that 
for liqu id  aqueous sam ples the m ax im um  elec trica l fields 
near the ends o f  the cen tral strip line are about a factor o f  10 
low er than  in a com parab le  he lix  tha t generates the sam e 
B ^ fie ld . A  deta iled  analysis and design  gu idelines are given 
by  van B en tum  et a t.61
F igu re  6 show s an in teresting  com parison  o f  th e  so le ­
noid , flat he lica l, and  strip line  detector, com paring  th e  size of 
the  design  w ith in  an effec tive  sam ple vo lum e o f  5 nl. This 
vo lum e is defined  ra ther arb itrary  as th e  vo lum e in  w h ich  B 1 
is w ith in  10% o f the m ax im um  va lue  in the cen te r o f  the coil. 
A s can  b e  seen the strip line  p rov ides th e  m ost com pac t d e ­
sign as it has the h ighes t effec tive  hom ogeneous B 1 volum e. 
A s a resu lt it also g ives the h ighes t sensitiv ity . A  num erical 
analysis o f  the designs for p ro ton  N M R  at 600 M H z p red ic ts 
that, respectively , 3 X 1012, 1 X 1012, and  4 X 1012 proton 
sp ins/^H z w ou ld  b e  needed  for the strip line, the flat helical
o
o
o
o
--------  100 |im
FIG. 6. (Color) Comparison of the sizes of a solenoid, a flat helical, and a 
stripline design needed for NMR experiments on 5 nl of sample. The sample 
is confined to a volume where the £ r field varies by less than 10%. For the 
helical probes this sample volume is cylindrical. The scalability of the strip­
line allows for a compact design with the sample in rectangular bars of 
1 mm long.
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coil, and the so leno id  to  genera te  a S /N  ratio  o f 1 in a single 
scan. T his is the defin ition  adop ted  h ere  to express the “lim it 
o f de tec tion” (L O D ); th e  num ber o f  sp ins that h ave  to  re so ­
nate  in 1 H z bandw id th  to g ive  a signal as strong as th e  noise 
in sing le  acquisition . P ractically , the  lim it o f  de tec tion  for a 
g iven sam ple-de tec to r com bination  w ill depend  on the line- 
w idth , the  spectral bandw id th , and th e  am oun t o f  tim e  ava il­
able to signal average.
IV. RESOLUTION
A lth o u g h  m icroco ils h ave  g rea t advantages in term s of 
sensitiv ity  and excita tion  bandw id ths, they  h ave  no t y e t been  
em braced  as a genera l tool in m ain stream  N M R  research. 
T his is m ostly  due  to the com prom ises tha t m ust be  m ade in 
spectral reso lu tion . H igh  sensitiv ity  dem ands a h igh  filling 
factor, so th e  sam ple  w ill b e  in c lose  con tac t w ith  the r f  coil. 
In genera l th e  m agnetic  suscep tib ility  o f  th e  m etal w ire  w ill 
be  d ifferen t from  tha t o f  the  co il fo rm er (or air in  a freestand ­
ing coil) and the  sam ple  ho lder; as a resu lt local varia tions o f 
the static m agnetic  field  occur in the sam ple w hich  reduces 
the spectral reso lu tion . T he sm all d im ensions o f the m icro ­
coil lead  to field  g rad ien ts tha t vary  over very  short d istances 
and the resu lting  field  p rofile  canno t easily  b e  sh im m ed  by 
m acroscop ic  shim  co ils far aw ay from  the sam ple.
A  un ifo rm , in fin ite ly  long, cy linder o rien ted  pe rp en d icu ­
lar to  the  m agnetic  field  w ill h ave  a un ifo rm  field  in  its 
in terio r.45 T his situation  can b e  m im icked  b y  im m ersing  the 
coil in  a m ed ium  tha t h av e  th e  sam e suscep tib ility  as a co p ­
p er m e ta l.48 S om e perfluorocarbons that h ave  vo lum e su s­
cep tib ilities c lose  to th e  copper suscep tib ility  are available. 
T hese perfluorocarbons in troduce  no p ro ton  b ackg round  sig ­
nal. In fact, th is so lu tion  has found  its w ay  in to  com m ercia l 
m icrocoil p robes for cap illa ry  N M R . T he  successfu l su scep ­
tib ility  m atch ing  o f these  so lenoidal coils has led  to  ex ten ­
sive applications, for exam ple, in  the field  o f  h igh- 
th roughpu t screening.
A n alternative  is to u se  zero  suscep tib ility  w ire  to avoid  
deterio ra tion  o f  th e  spectral reso lu tion  due to the c lose  p ro x ­
im ity  o f  the co il to  the sam ple. Z ero -suscep tib ility  w ire  is 
p roduced  from  a coax ia l struc tu re  o f  m etals w h ich  h ave  o p ­
p osite  signs in suscep tib ility  such as copper and  alum inum . 
T he th ickness o f  th e  layers has to  b e  accura te ly  con tro lled  so 
that the m etal vo lum es are consisten t w ith  the ra tios o f  the 
vo lum e su scep tib ilities .45,86 A gain  suscep tib ility  m atched  
coils h ave  found  their w ay  in to  a num ber o f  h o m ebu ilt and 
com m ercia l p robes show ing  tha t h igh  reso lu tion  c lose  to  that 
in regu la r liqu ids p robes is p o ss ib le  using  so lenoid  m icro ­
coils if  adequate  m easures are tak en .49 F o r p lanar helical 
coils the u ltim ate  reso lu tion  has no t y e t been  achieved, 
how ever.
In con trast to  he lica l co ils, the strip line  has som e p ro p ­
erties tha t m ake  the  suscep tib ility  p rob lem  m uch easier to 
handle . T he first aspect is tha t the axis o f  the strip line  can be  
orien ted  p ara lle l to the static  field  B 0. T he  m agnetiza tion  of 
the copper strip  is hom ogeneous and o rien ted  p ara lle l to the 
ex ternal field. F ro m  M ax w e ll’s equations it is easy  to  see that 
for an infin itely  long strip , there  is no field  inhom ogeneity  at 
the position  o f  the sam ple  and thus th e  u ltim ate  reso lu tion
FIG. 7. (Color) Photograph of the two halfs of a microfluidic NMR chip 
based on the stripline design showing the copper construction of the X / 2 
resonator on one half and the microfluidic channel on the other half. The two 
halfs are bonded together in the final device.
p rov ided  b y  th e  m agnet should  b e  attainable. C alcu la tion  o f 
the  local field  variations for a p lan e  ju s t above a strip line 
show s tha t the suscep tib ility  b roaden ing  can b e  lim ited  to 
b e low  0.1 p p m .67 Furtherm ore , it is no t necessary  to  e tch  all 
copper to construct the narrow  strip  section . E tch ing  a nar­
row  line  as show n in F ig . 7  suffices, w h ich  m eans a m in im al 
d isrup tion  o f  a long un ifo rm  strip . A s w ill be  show n in Sec. 
V II this approach  is very  effec tive  and a reso lu tion  o f  1 H z is
ach ieved  for p ro tons at 600 M H z. A  sim ilar figure is reported
85by  M agu ire  e t al. for the m icroslo t design.
V. CIRCUIT DESIGN
A s m icrocoils h ave  a low  inductance  and a low  re s is ­
tance , special a tten tion  is needed  in the c ircu it design . L osses 
at the co il con tac ts shou ld  b e  m in im ized . O ne w ay  to achieve 
this is b y  em bedd ing  a so leno id  co il in an ex ternal capacitor. 
In th e  earliest sing le-tuned  versions o f  this p ro b e  design, the 
co il-capacito r c ircu it w as resonan t and coup led  capacative ly  
to the m atch ing  c ircu it.64 F o r doub le-tuned  p robeheads this 
p roved  to b e  less convenien t. T he  r f  c ircu it as u sed  in  our 
la test doub le-tuned  m icroM A S probehead  is show n in F ig . 8 . 
T he m ic ro co ils’ low  inductance, com bined  w ith  th e  low  re ­
sistive loss factor, allow s for a re la tive ly  h igh  Q  operation . A  
conven tional L C  resonato r c ircu it is no t w ell adap ted  for 
very  low  im pedance  coils and  w e h ave  chosen  to im plem en t 
a stand ing  w ave resona to r for the p ro ton  channel. In th is case 
it is a free space coax ia l 4 lam bda structu re  w ith  the coil 
acting  as a short on one side. T uning o f  th e  1H  resona to r is 
accom plished  b y  shifting  a d ie lec tric  sleeve  in to  the coaxia l 
structure. T he  open end  o f  the coax ia l resona to r is cap ac i­
tive ly  coup led  and m atched  to  the ex ternal 50 f t  circuit. The 
X  channel is based  on a conven tional L C  c ircu it w ith  a trap 
tha t b locks th e  h igh -frequency  p ro ton  signals from  entering  
the  X  channel. T he sum m ing  p o in t is chosen  inside  the co ­
axial resonato r at a node  in the p ro ton  stand ing  w ave, w here 
the  1H  e lec trica l r f  field  is c lose  to zero. A t tha t po in t the 
in fluence o f  th e  X  channel on the 1H  channel is neglig ib le. 
T he m easu red  Q  factors for this p ro b e  c ircu it depend  on the 
operating  frequency  and are respectively , about 50 for 1H 
and 20 for the X  channel tuned  on 13C.
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FIG. 8. Electrical circuit for a double-resonance HZ microMAS probehead. 
The *H resonator is a free space coaxial j  lambda structure with the coil 
acting as a short on one side. Tuning is accomplished by moving a dielectric 
sleeve in the coaxial structure. The open end of the coaxial resonator is 
capacitively coupled and matched to the external 50 Ù circuit. The X  chan­
nel is based on a conventional LC circuit with a trap that blocks the high- 
frequency proton signals from entering the X  channel.
FIG. 9. (Color online) (a) Micrograph of the microrotor indicating its inner 
and outer dimensions. (b) Photograph of the microrotor tip inserted into the 
regular MAS rotor. (c) Photograph of the microcircuit holder placed on the 
MAS stator showing the sliders and screws used to align the microcoil 
circuit with respect to the microrotor.
T he strip line  p robeheads are  constructed  w ith  th e  strip  
e ither be ing  a X /4  or a X / 2 c ircu it.67 A  p ro to type  p robehead  
w ith  a 1 m m  long strip line  w ith  a w id th  o f 500 f im  was 
p roduced  pho to lithog raph ica lly  using  low -loss T eflon-based 
p rin ted  c ircu it b oard  m ateria l to p roduce  a X/4  structu re  for 
p ro tons. T he  strip line is in serted  as a short at one side o f the 
resonato r and a capacitive  coup ling  and tun ing  netw ork  near 
the open side o f  the resonator. T he coup ling  to  the X/4  re so ­
nator is chosen  at a conven ien t po in t to  ach ieve  the best 
m atch ing  conditions. T uning is rea lized  b y  the in sertion  o f 
variab le  leng th  d ie lec tric  stubs in side  the coax ia l resonato r 
structure. D oub le  tun ing  is ach ieved  by  coupling  a second 
coaxia l resona to r struc tu re  using  a p ro ton  trap  to avoid  h igh- 
frequency  coup ling  in to  the X  channel. T ypical Q  factors for 
this design  are  betw een  80 and 100. T he X/2  resonato rs , as 
u sed  in our m icroflu id ic  device, a re  fully  defined in p lanar 
lithography  and em bedded  in a sing le  chip . T his resona to r is 
capactive ly  coup led  to th e  ex ternal (fine) tun ing  and m atch ­
ing circuit. H ere  the re so n a to rs’ Q  is in fluenced  b y  m aterial 
p roperties and am ounts to  about 50.
VI. MAGIC ANGLE SPINNING
T he tw o cornerstones o f  the success o f N M R  as an ana­
ly tical too l for the study  o f  so lid  m ateria ls  in  the w idest sense 
are doub le  resonance  and  m agic ang le  sp inn ing . T he p o ss i­
b ility  to transfer po lariza tion  from  abundant nuclei (e.g., p ro ­
tons) to  less abundant nuclei w ith  low  gyrom agnetic  ratios 
such as 13C or 15N  helps us to re liev e  sensitiv ity  p roblem s 
w hich  are  particu la rly  im portan t for m ass-lim ited  sam ples. 
M oreover, doub le  resonance  can b e  u sed  to determ ine  the 
spatia l p rox im ity  betw een  d ifferen t types o f  nuclei and is 
therefo re  an im portan t tool to  p rov ide  structural in form ation . 
To obtain  h igh -reso lu tion  spectra, sam ple ro ta tion  about the 
“m agic ang le” is im pera tive  to  average  an iso trop ic  co n trib u ­
tions to the resonance  lin e s .87,88 T he  evo lu tion  o f  a varie ty  o f 
techniques for studying  in ternuclear d is tances, bo n d  angles,
m o lecu lar o rien tation  and /or dynam ics, spin d iffusion, and 
chem ical exchange  processes is bu ilt on this foundation .
A s w as described  in  the prev ious section  c ircu it designs 
a llow ing  doub le  and p oss ib le  trip le  tun ing  o f  the  probeheads 
can be  env isioned . Spinn ing  a m icrosized  ro to r w ith  a d iam ­
eter w ell be low  1 m m  at h igh  speed  inside  a sm all d iam eter 
m icroco il is no t so obvious, how ever. A  freestand ing  m i­
cro ro to r is a very  d elica te  ob ject w h ich  is d ifficu lt to  handle. 
It p roves to  be  ted ious to  fu rther m in ia tu rize  the curren t 
doub le-bearing  M A S  stators to ro to r sizes be low  1 m m  es­
pec ia lly  w hen  a p ropo rtiona lly  increasing  sp inn ing  speed  is 
d es ired .89
W e dev ised  a design  w here  the m icro ro to r is p ig g y ­
backed  on top o f  a regu lar com m ercia l M A S  ro to r (Fig. 9 ) . 
F o r the r f  c ircu it a m icroco il-based  resonator, w ith  a so lenoid  
co il in teg ra ted  in to  a h igh -frequency  lam ina te  as w as d e ­
scribed  above, is u sed . T he advan tage  o f  this design  is its 
m echan ica l stab ility  and m in im ization  o f  signal losses. T he 
c ircu it is m oun ted  on top o f  a com m ercia l M A S  stator. 
A lignm en t to  the m icro ro to r is c ritical as the inner co il d i­
am eter is 220 f im  w hereas the m ic ro ro to rs’ outer d iam eter is 
170 f im  leav ing  on ly  25 f im  o f  free space betw een  ro to r and 
coil. T his a lignm ent is ach ieved  b y  op tica lly  align ing  the 
c ircu it w ith  respec t to a sp inn ing  ro to r and then  fixing it on 
top  o f the  stator [Fig. 9 (c)] . W e found  spinn ing  to  b e  rem ark ­
ab ly  stab le  w ithou t any  sizab le  excursions o f  the ro tation  
axis; as a resu lt the atta inab le  sp inn ing  speeds are those  im ­
posed  by  the m acroro tor. It is w orth  noting  tha t so far no 
ro to rs w ere  b roken  during  sp inn ing . S am ple hand ling  and 
filling p rove  to b e  the m ost critical steps in setting  up 
experim ents.
P iggyback  designs on top  o f  a 4  m m  and a 2 .5  m m  
P E N C IL ™ -type M A S ro to r and  sta to r h ave  been  rea lized  
a llow ing  spinn ing  speeds up  to 15 and 25 kH z, respectively . 
T he m icro ro to rs are m ach ined  to  b e  inserted  on top o f  a 
regu la r M A S ro to r [Fig. 9 (b)] . R o to r inner d iam eters are 
about 100, 120, or 140 f im  and  their leng th  is 800 ¡vm  leav ­
ing  sam ple vo lum es o f  6 , 10, and 12 nl respec tive ly  [Fig.
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9(a)] . W ith  the cu rren t design  co il sizes w ere  chosen  to b e  at 
the lim it o f  w hat can  still b e  m ade by  hand . V arious proofs o f 
p rinc ip le  experim en ts h ave  been  perfo rm ed  using  this ro to r 
design as w ill b e  described  in  Sec. VII.
F o r p rac tica l app lications the b es t approach  is to w ork  
w ith  co il sizes adapted  to the availab le  sam ple am ounts and, 
if  necessary , th e  rf-fie ld  strength  tha t is necessary  to excite  
the spin system . T he  la tter is o f im portance  for spins experi­
encing  very  large linew id ths or for th e  excita tion  and co n ­
version  o f m u ltip le-quan tum  coherences in, e .g ., m ultip le- 
quan tum  m agic ang le  sp inn ing  (M Q M A S). A  great 
advan tage  o f  the p iggyback  design  is tha t th e  circu itry  o f  the 
regu la r M A S p robehead  can rem ain  in tact. T herefo re  ex p eri­
m ents can  be  p e rfo rm ed  sim ultaneously  (or in terleaved) in 
b o th  m icro- and  m acrorotor. T his should  be  p articu la rly  easy  
to im p lem en t on m odern  spectrom eters equ ipped  w ith  m u l­
tip le  receivers. C u rren tly  the m acro ro to r is u sed  for qu ick ly  
setting  up  the m ag ic  angle.
Very recen tly  Sakellariou  e t a l,75 h ave  in troduced  an in ­
teresting  alternative  for the im plem en ta tion  o f  m icroM A S. 
T he  idea  is to spin a resonan t L C  m icroco il c ircu it cen te red  
at the inside  o f a com m ercia l M A S p robehead  re ly ing  on the 
inductive  coup ling  betw een  the m icroco il and  the  large coil 
o f the M A S probehead . In the so -called  overcoup ling  reg im e 
all pow er send  to the  ex ternal co il is d issipated  in  the m icro ­
coil so th e  fu ll advan tage  o f  dow nsiz ing  the co il is m a in ­
ta ined  in  r f  field  generation . T h is techno logy  has specific 
advantages for the study o f  hazardous m ateria ls that need  
confinem ent for safety  reasons such as the study  o f  rad io ac ­
tive  m ateria ls. F u rtherm ore  ro ta tion  o f  th e  co il is ad van ta ­
geous in averag ing  suscep tib ility  effects. D isadvan tages are 
eddy  curren ts that occur in the co il due to th e  ro ta tion  w hich  
can cause  heating  and  generates no ise  a lthough  they  p roved  
to b e  m inor for the  co il size u sed  (750 ^ m ) . D ev ising  an 
efficient doub ly  tuned  c ircu it is far from  triv ial, how ever.
VII. EXPERIMENTAL IMPLEMENTATION AND 
APPLICATION
A s w as recen tly  rev iew ed  b y  W ebb49 in liqu id -sta te  
N M R  d ifferen t p robe  designs w ith  ac tive sam ple volum es 
rang ing  from  several nano lite rs to  m icro liters h ave  been  re ­
alized  using  either so leno id  co ils w ound  around  cap illa ries or 
lithograph ica lly  p roduced  p lanar co ils. W ith  the la tter te ch ­
niques it is easier to  go to  sm aller sam ple vo lum es and use  
the advantageous features o f  m icroflu id ic  dev ices at the e x ­
pense  o f spectral reso lu tion . M ost app lied  stud ies h ave  been  
perfo rm ed  in the 1 - 1 0  ¡A reg im e using  cap illary  
p ro b eh ead s .51 A lso  a num ber o f hyphena ted  p robes have  
been  developed  com bin ing  N M R  w ith  chem ical separation  
techniques allow ing th e  unam biguous iden tification  o f  very
sm all am ounts o f  m a te ria ls .56,57,90,59,91 To speed  up analysis
probes w ith  para lle l a rrangem ents o f  m icrocoils h ave  been  
b u ilt.90,92 B esides analy tical app lications it has been  d em o n ­
strated  tha t structural e luc idation  o f p ro te ins w h ich  are  avail-
93able only  in  nanom ole  quan tities is feasib le . In M R I m icro ­
coils h ave  been  u sed  to im age sing le  cells and obtain
localized  spectra  from  ind iv idual neurons. H ere, besides sen ­
sitivity, d iffusion  in liv ing  tissue  is an add itional issue  affec t­
ing  th e  u ltim ate  reso lu tio n .94
A lthough  sm all coils h av e  been  u sed  occasionally  in 
m agnetic  resonance  stud ies at h igh -fie ld  m agnet laboratories, 
the ir u se  in  m ain stream  so lid -sta te  N M R  has no t been  ex ­
p lo red  extensively . B esides our w ork 64- 67 w e are aw are only 
o f  the recen t w ork  o f  S akellariou  et a t.15 and an applied
78study  on silk  fibers by  Y am auchi et at. H ere  w e rev iew  this 
w ork  and  show  recen t advances in m icroM A S p ro b e  tech n o l­
ogy  and  m icroflu id ics.
A. Powdered samples
T he m ajo rity  o f  sam ples stud ied  by  so lid -s ta te  N M R  are 
pow ders or o rien ta tionally  d iso rdered  in ano ther w ay, e.g ., as 
in a g lass. T his m eans tha t in  general there  is no obvious 
sam ple  geom etry  tha t needs to  be  considered  in  the co il d e ­
sign. In  tha t case  the so leno id  is a su itab le  de tec to r geom etry. 
F o r static  N M R  experim en ts on pow dered  sam ples solenoid  
m icroco il p robeheads w ere  developed  w ith  an inner d iam eter 
o f  3 0 0 -4 0 0  i m  using  th e  in teg ra ted  co il-capacito r d es ig n .64 
T he perfo rm ance, in term s o f  sensitiv ity  and r f  ch arac te ris­
tics, o f  these  p robeheads w as stud ied  for 1H , 31P, and 27A l in 
d ifferen t m odel com pounds in v iew  o f  th e  feasib ility  o f  spe­
cific applications. T he  resu lts show  tha t the L O D  is app rox i­
m ate ly  1014 spins / ^H z.
A  specific advan tage  o f  m icroco ils for so lid -s ta te  N M R  
app lications is tha t they  can genera te  ex trem ely  h igh  r f  fields 
i f  im p lem en ted  in  appropria te  c ircu its. U sing  a r f  pow er of 
270 W  for p ro tons at 400  M H z (9.4 T) a reco rd  B 1-field 
streng th  o f  4 .7  M H z w as ach ieved . F o r alum inum  at 
156 M H z (14.1 T) a 1.9 M H z B 1-field w as rea lized  using 
380 W  o f r f  pow er in  a narrow  band  p robehead , and 3 M H z 
at 850 W  pow er p roved  p oss ib le  in a sligh tly  sm aller d iam ­
eter b roadband  p robe. T his allow s th e  excita tion  o f spectra  o f 
nuclei w hose  resonance  lines are  d ispersed  over several 
m egahertz . T his is particu la rly  usefu l for quadrupo lar nuclei 
experiencing  large quadrupo lar in terac tions as w as d em o n ­
strated  for 27A l in  a 30 i g pow der sam ple  o f sapphire  w here  
the  in tensities in the quadrupo lar satellites are  d ispersed  over 
720 kH z, b u t are c lea rly  observed  w ithou t sign ifican t d is to r­
tions, reflecting  the features o f  a site  w ith  CqCC = 2.4 M H z 
and r/=0  (Ref. 64 , F ig . 6). So in  this case  a nonselec tive  
excita tion  o f  th e  spin system  p roved  possib le . F o r quad ru p o ­
lar nuclei in  general, th e  cho ice  for selec tive ly  exciting  a 
sing le  transition  or nonselec tive  excita tion  o f  the en tire  spin 
system  is an ex tra  considera tion  to b e  m ade  w hen  try ing  to 
obtain  usefu l spectra. T his is also  im portan t w hen  im p le ­
m en ting  sensitiv ity  enhancem en t techn iques such as doub le  
frequency  sw eeps95 and/or (quadrupolar) C arr P urcell M e i­
b o o m  G ill (C PM G ).96,97 S ituations w here  the rf-fie ld  streng th  
and quad rupo la r frequency  are o f  sim ilar m agn itude  can be 
exp lo ited  in  nu tation  N M R .98,99 C onsidering  th e  h ig h  rf-field  
strengths that can  b e  achieved, the m icroco ils  rea listica lly  
in troduce  the B 1-field streng th  as an ex tra  param eter in d e ­
sign ing  experim en ts. T his should  help  us to “un lo ck ” som e 
nuclear spin species w ith  large quadrupo lar line  b roadening  
for N M R  observation .
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FIG. 10. Reconstructed 75As NMR powder spectrum (dashed line) of 
Al0.489Ga0.5nAs MOCVD grown films from a series of frequency-stepped 
(quadrupolar)CPMG experiments taken in a static probehead equipped with 
a 1.2 mm i.d. solenoid using a rf-field strength of 520 kHz and an external 
field of 18.8 T (800 MHz). The spectrum can be deconvoluted (solid lines) 
using genetic algorithms into five constituents assigned to the five different 
As coordinations of arsenic in the material. Quadrupolar coupling constants 
vary from 0.65 to 33.5 MHz leading to linewidth up to 2 MHz.
F o r the  study  o f  pow dered  solids w ith  w ide  lines the 
optim al co il design  is a ba lance  betw een  co il d iam eter in 
re la tion  to  the am oun t o f  sam ple  tha t is availab le  and sec­
ondly  the  rf-fie ld  strength  tha t is needed  to  excite  the full 
pow der pattern . F o r exam ple, cu rren tly  w e are invo lved  in  a 
m ultinuclear N M R  study o f  A lxG a1-xA s sam ples. T hese  
sam ples are grow n b y  m eta l-o rgan ic  chem ical vapor d ep o si­
tion  (M O C V D ) and typ ica lly  o f  the order o f  1 m g o f  sam ple 
75is availab le . E specia lly  A s N M R  proves to  b e  very  d ifficult 
as 75A s w ith  d ifferen t A l and G a coord ination  experiences 
enorm ously  d ifferen t quadrupo lar in teractions rang ing  from  a 
few  hund red  kH z to  m ore  than 30 M H z, resu lting  in line- 
w idths o f m ore  than  1 M H z even at 18.8 T . W ith  an app ro ­
p ria te  design o f  the tun ing  capacito r w e can ach ieve r f  fields 
be tw een  500 kH z and  1 M H z for he teronucle i using  co ils o f 
about 1 m m  diam eter, w h ich  allow s us to effec tive ly  excite  
the en tire  spectrum  w hile  using  the full sam ple tha t is ava il­
able (Fig. 10) .
To b e  considered  a v iab le  tool for studying  solids, m agic 
angle  sp inn ing  needs to  b e  im plem ented . S o lid -sta te  N M R
has b rough t fo rth  an ex tensive  too lk it 100- 103 o f  experim ents 
re ly ing  on M A S  to average  an iso trop ic  in teractions that, if  
desired , can  b e  re in troduced  b y  dev is ing  ro to r-synchron ized  
pu lse  sequences tha t in te rfe re  w ith  th e  coheren t averag ing  at 
specific tim es. T his m eans tha t one can retain  an isotropic 
in fo rm ation  for com plex  m ateria ls  w h ile  m ain ta in ing  h ig h ­
reso lu tion  detec tion  needed  to reso lve  the various structural
FIG. 11. Homonuclear 13C - 13C correlation spectrum obtained for 6 nl uni­
formly enriched L-alanine. The experiment was performed acquiring 64 
scans for 300 t1 increments. The POST-C7 homonuclear recoupling se­
quence was applied with the sample spinning at 12 005 Hz. A clean spec­
trum is obtained with a good S/N ratio showing the expected cross peaks for 
the C' and C“ and the C“ and C3 carbons.
sites in such a sam ple. A s w as described  in Sec. V I w e have 
im plem ented  p iggyback  M A S  desig n s,65 based  on the in te ­
gra ted  m icroco il-resonato r circuit, w ith  an ac tive sam ple  v o l­
u m e o f  6 - 1 2  nl. T he first p robehead  is a H X  probehead  for 
u se  at 14.1 T  (1H  600 M H z) based  on a C hem agnetics 4  m m  
M A S stator a llow ing  sp inn ing  speeds up  to ~ 1 5  kH z. V ari­
ous proofs o f  p rinc ip le  experim en ts w ere  conducted  for a 
num ber o f am inoacids and sm all pep tides. T hese ex p eri­
m ents show  that cross-po lariza tion  m agic ang le  spinning 
(C P-M A S) experim en ts are  read ily  ob tained  for enriched  
com pounds in  reasonab le  m easu rem en t tim es w ith  iden tical 
reso lu tion  com pared  to regu la r C P-M A S  experim en ts o f 
these  com pounds. F o r exam ple, a C P-M A S spectrum  o f  6 nL 
o f  u n ifo rm ly  13C -labe led  tria lan ine  spectrum  gave  an ex ce l­
len t spectrum  in about 10 000  acqu isitions (R ef. 65 , F ig . 2). 
T he p robe  effic iency  can b e  ju d g ed  from  the rf-fie ld  strength  
tha t is ob tained  for a g iven transm itter pow er P  (B 1 /  VP). For 
this p robehead  w e ob ta ined  a p ro ton  decoup ling  field  o f 
200 kH z at 1.35 W  pow er. A  first assessm en t o f  th e  sens itiv ­
ity  show ed that this p ro b e  w as no t perfo rm ing  at the theo re t­
ical optim um . B y  im prov ing  on th e  c ircu it design  (Fig. 8) 
and a sligh t decrease  o f  th e  coil d iam eter, by  e lim inating  the 
co il form er, th e  p robe  effic iency  w as im proved  b y  a factor 
o f  1.8 com ing  m uch  c loser to  the sensitiv ity  as p red ic ted  
by  E q. (3 ). W e determ ined  the  L O D  
(S / N = 1  in  1 scan) for th is p robe  b y  acqu iring  spectra  for a 
10 i g  N aC l sam ple to b e  approx im ate ly  1014 sp in s / VHz. 
N o te  tha t it is very  d ifficu lt to  get an accura te  sam ple w eigh t 
for these  m inu te  quantities m ain ly  due  to  hyd ra tion  effects. A  
nu ta tion  experim en t perfo rm ed  at a rf-fie ld  strength  o f 
870 kH z show ed  that the r f  hom ogene ity  o f  the co il is ex ce l­
len t w ith  the signal am plitude  decay ing  about 30%  w hen 
go ing  from  a 90° to an 810° pu lse  (A810/ A 90~ 0.7).
W ith  this p robe  a spectrum  o f un ifo rm ly  en riched  a la­
n ine  w as ob tained  in  512 acqu isitions resu lting  in a spectral 
S /N  ratio  o f  210. In  this case  a decoup le  field  o f 240  kH z 
w as ob tained  w ith  0.6 W  o f  p ro ton  r f  pow er. T his sensitiv ity  
even  m akes it p o ss ib le  to  perfo rm  tw o-d im ensional N M R  
experim en ts as is show n in F ig . 11. A  hom onuclear 13C - 13C
correlation  experim en t w as perfo rm ed  acquiring  64 scans for 
300 t 1 increm ents. T he PO ST-C 7 hom onuclear recoup ling
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sequence 104 w as app lied  w ith  the sam ple  sp inn ing  at 
12 005 H z. A  clean  spectrum  is ob tained  w ith  a good  S/N  
ratio  show ing  the expected  cross peaks for the C ' and C “ and 
the C “ and C  carbons. A s th e  sam ple w as fu lly  enriched, 
sp inn ing  at 12 kH z and  using  cw  decoup ling  the linew id th  is 
dom inated  by  hom onuclear carbon  d ipo lar in terac tions and 
/-c o u p lin g s 105 giv ing  linew id ths o f  the order o f  100 Hz.
A s in th e  case  o f  the  sta tic  probes, besides o ffering  a 
very  h igh  m ass sensitivity , the m icroM A S probes can gen er­
ate ex trem ely  h ig h  rf-fie ld  streng ths tha t can  b e  pu t to good 
use, e .g ., for exciting  spins d ispersed  over large bandw id ths, 
bu t also for decoup ling  purposes. It is w ell know n tha t cw 
decoup ling  is no t very  efficient in getting  h igh  reso lu tion  
especia lly  w ith  increasing  spinn ing  speed. T he  genera l idea 
is tha t M A S in terfe res w ith  the decoup ling  schem e as the 
tim escales o f  bo th  averag ing  m echan ism s are  no t sufficiently  
d ifferent. H ow ever, as de ta iled  studies by  E m sley  and 
co -w orkers 106,107 show, the situation  is m uch  m ore  com plex  
as it invo lves the dynam ics o f  strongly  coup led  m any  p ro ton  
system s. A s described  by  S ach leben  et a t.106 even in the case 
o f sta tic  sam ples d ifferen t decoup ling  effects can  be  o b ­
served depend ing  on the experim en ta l cond itions and  the 
size o f  th e  spin system . A  sim plified  accoun t is as follow s: 
first o f  all at low  decoup le r streng th  it is no t p o ss ib le  to 
irrad ia te  all sp ins on resonance  and  as a resu lt (unresolved) 
line  splittings occur from  the rem ain ing  sca led  d ipo lar in te r­
actions lead ing  to line  b roaden ing . A  d ifferen t effect is p re ­
d icted  for “on -resonance” decoup ling ; at low er decoup le r 
field  streng th  in tensity  is lost to b road , genera lly  invisib le, 
decoup ling  sidebands. W ith  increasing  decoup ling  field  these 
sidebands d im in ish  and the in tensity  o f th e  cen tra l line  in ­
creases w ithou t changing  its linew id th . A lthough  M A S co m ­
p licates m atters b y  m odulating  all an iso trop ic  in teractions 
sim ilar observations are m ade  for sp inn ing  sam p les.107 This 
m eans tha t w ith  increasing  rf-fie ld  strength  cw  decoupling  
should  g ive  narrow  lines and  increased  signal in tensities 
w ithou t the need  o f  p h ase  m odu la ted  decoup ling  sequences 
such as T P P M ,108 X iX ,109,110 or R N vn (R efs. 111 and 112) 
sequences. So far this could  no t b e  tested  for rea listic  organic 
solids, how ever, because  o f  the lim ited  decoup ling  fields in 
com m ercia l M A S probeheads.
In the m icroM A S p robeheads decoup ling  fields in excess 
o f 600 kH z are easily  ach ieved  w ithou t com prom ising  the 
probehead . A s w as show n in R ef. 65  increasing  the p ro ton  
decoup ling  field  from  100 to 600  kH z in  cw  decoup ling  e x ­
perim en ts has m arked  effects on th e  13C C P-M A S spectrum  
o f tria lan ine; c lear line  narrow ing  is observed  together w ith  
an increased  am plitude as the  field  strength  increases. This 
effect only  levels o ff at a decoup ler field  streng th  o f 
500 kH z. A lthough  m ore  deta iled  analysis is necessary  the 
spectra  seem  to support the observations by  de  P aepe
107et at., nam ely, tha t the g row th  in  signal in tensity  canno t be 
accounted  for b y  the line  narrow ing  alone. T his w ou ld  in d i­
ca te  tha t indeed  at the h ighest field  streng th  the on -resonance 
decoup ling  reg im e is reached . A t this p o in t the decoupling  
and spinn ing  tim escales d iffer by  a factor o f  50 from  w hich  
one w ou ld  expect in terfe rence  effects to b e  m inor.
G oing  to  h igher sp inn ing  speeds is very  usefu l in m any 
applications, e .g ., w hen  w ork ing  w ith  u n ifo rm ly  en riched
TABLE I. rf-field strength obtained at different power levels for protons and 
carbons in a 400 MHz piggyback microMAS HZ probehead equipped with 
a 220 fim  (inner diameter) solenoid coil.
H power 
(W)
1Hv1
(kHz)
0.10 98
0.43 230
1.5 475
6.2 1000
10.2 1290
X  power 13C^j
(W) (kHz)
0.10 32
0.50 71
1.8 148
5.6 300
9.4 385
sam ples or sam ples w ith  abundan t nuclei, h igh  speeds are 
advantageous to  effec tive ly  average  h o m onuclear d ipo lar in ­
terac tions. A  p ig gyback  m icroM A S probehead  using  a C he- 
m agnetics 2 .5  m m  M A S is u sed  to  spin up  to 25 kH z. This 
9.4 T  (1H  400  M H z) probe, w ith  ro to r and coil d im ensions 
iden tica l to th e  prev ious one, show s im press ive  num bers for 
the  co il sensitiv ity  as can  b e  ju d g ed  from  th e  rf-field
FIG. 12. C CP-MAS spectrum obtained for 6 nl uniformly enriched 
L-alanine spinning at 24 kHz. A ramped CP contact time of 1 ms was used 
with a ±-5%  amplitude ramp on the proton channel around ^  = 144 kHz 
and a 13C field of 120 kHz. With appropriate decoupling the homonuclear 
13C /-couplings can be read directly from the spectrum. The lower traces are 
obtained with XiX decoupling at a rf-field strength of 350 kHz. The upper 
traces were obtained using cw decoupling at 350 kHz.
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strengths ob tained  at various pow er levels show n in T able I . 
A  13C C P -M A S o f  6  nl un ifo rm ly  en riched  alan ine  w as taken  
em ploy ing  a spinn ing  speed  o f  24 kH z. T he best reso lu tion  
w as ob ta ined  using  X iX  decoup lin g 109 at a rf-fie ld  streng th  
o f 350 kH z (Fig. 12) . In th is case  a linew id th  o f  app rox i­
m ate ly  37 and  34 H z w as ob tained  for the C ' and C P, re sp ec ­
tively. T he hom onuclear carbon-carbon  /-c o u p lin g s  can now  
be  d irec tly  read  from  the spectrum  being  / ( C “ - C P) = 33 Hz 
and / ( C “ - C ' )  = 50 H z in  accordance  w ith  lite ra tu re  d a ta .105 
In this case  using  cw  decoup ling  at 350 kH z (needing only
1 W  pow er) also  ach ieved  reso lu tion  o f the carbon-carbon  
/-co u p lin g s  although  the linew id ths w ere  sligh tly  b igger b e ­
ing ~ 4 5  H z for bo th  C P and C ',  ind ica ting  tha t cw  d eco u ­
p ling  is still no t fu lly  efficient. In fact, no reso lu tion  im ­
p rovem en t (or am plitude increase) w as observed  go ing  from  
350 to  605  kH z decoup ler pow er. W hethe r th is is re la ted  to 
the h ig h er sp inn ing  speed  is an open question . F u rtherm ore  it
113should  b e  no ted  tha t A n ton ijev ic  and B odenhausen  found  
a linew id th  o f  th e  order o f 15 H z in  natu ral abundance  a la ­
n ine  spinn ing  accura te ly  at the m agic  angle. It w ill b e  in te r­
esting  to see w hat linew id th  can b e  ach ieved  by  h igh -pow er 
p ro ton  decoup ling , in com bination  w ith  accura te  setting  o f 
the m agic  angle, in re la tion  to the T2’s tha t can  b e  observed
107in these  com pounds using  H ahn echo  experim ents.
B esides studying  organ ic  com pounds m icroM A S  is in ­
teresting  for studying  ino rgan ic  m ateria ls w ith  abundant
23 27 13spins such as N a and  A l. B eing  c lose  in frequency  to C 
the p robe  response  is very  sim ilar and p re lim inary  ex p eri­
m ents on m inerals and zeo lites w ith  a low  S i/ A l ra tio  show  
that good  S /N  spectra  can b e  ob ta ined  in reasonab le  tim e. 
A gain  w e th ink  tha t the h igh  rf-fie ld  streng ths offered  by  the 
m icrocoils h ave  advantageous consequences. O ne obvious 
option  w ould  b e  to  u se  op tim al rf-fie ld  streng th  to  effic ien tly  
excite  and  convert trip le -quan tum  coherences in  M Q M A S 
experim en ts so tha t clean  spectra  w ith  und is to rted  lineshapes 
could  b e  ob tained  even  for sites w ith  very  large quadrupo lar 
coupling  constan ts. F o r A l sites w ith  a C QCC around  15 M H z 
a r f  field  o f  7 0 0 -8 0 0  kH z is ca lcu la ted  to  b e  optim al, w hich  
can easily  be  genera ted  in the m icroM A S probehead . T here  
are m any m ore  in teresting  app lications, e .g ., recen tly  there  
are a num ber o f in teresting  approaches in troduced  to in d i­
rec tly  detec t 14N  n u c le i.114,115 T he  lineshapes in  the ind irec t
d im ension  o f  these  experim en ts do no t reflect the com plete  
pow der ensem ble, how ever, because  this canno t b e  effi­
c ien tly  excited . T he h ig h  r f  fields availab le  in  th e  m icrocoils 
cou ld  rem edy  th is situation .
A n in teresting  application  dem onstra ted  b y  Sakellariou
75et at. is that m icroM A S can b e  im p lem en ted  in a h ig h ­
reso lu tion  m ag ic  ang le  sp inn ing  (H R M A S) con tex t to obtain  
w ell-reso lved  p ro ton  spectra  from  b io log ica l tissues. This 
could  reduce  th e  size o f b iopsies necessary  for tissue  p ro fil­
ing. C en trifugation  effects are expected  to b e  m in im al b e ­
cause o f  the sm all sam ple  d iam eters in re la tion  to  th e  sp in ­
n ing speeds. In this con tex t it is w orth  to  no te  the 
developm ent o f need le  shape m icrocoils tha t can  be  app lied
for such an a ly ses.116
B. Single crystals and partially oriented samples
F ro m  th e  early  beg inn ings o f N M R  sing le  crysta l studies 
have  been  u sed  to  d eterm ine  bo th  th e  m agn itude  and o rien ­
tation  o f  the an iso trop ic  in terac tion  tensors in  the solid  state 
such  as chem ical shift, d ipo lar in terac tion , and  quadrupolar 
in terac tions. F o r instance, a lo t o f  know ledge about the m ag ­
n itude  and orien tation  o f 13C tensors in  various structural 
un its  in organ ic  m olecu les h ave  been  com piled  v ia  single
117crystal stud ies. A lthough  one can determ ine  th e  size  o f 
d ipo lar in terac tions very  w ell in pow ders, the determ ination  
o f  the orien ta tion  can b e  very  usefu l to  find the abso lu te  
o rien ta tion  o f  certa in  chem ical bonds in a crystal. F inally  
quadrupo lar tensors h ave  been  stud ied  a lo t to  g e t in sigh t in 
the  local sym m etry  around  a certa in  nucleus (unfortunately  
there  is no com prehensive  rev iew ). M any  d ifferen t p ro ce ­
dures and hardw are  solu tions h av e  been  p roposed  over the 
years. T he recen t w ork  by  V osegaard et a t .118 in troduces e f­
fic ien t p robes tha t address one o f  the m ain  p rob lem s o f 
sing le  crystal N M R , being  sensitivity , together w ith  easy  to 
u se  so ftw are  to  ex trac t th e  tenso r values from  the crystal 
ro ta tion  patterns. F o r m any  m ateria ls  crystals o f  sufficient 
size are  no t availab le . U sing  2 m m  i.d . r f  coils V osegaard  et 
at. h ave  show n tha t sm all c rystals cou ld  b e  stud ied  detec ting
31 87 119abundan t h igh  gam m a nucle i such as P  and  R b. For 
m any  com pounds crystal sizes are w ell be low  a m illim eter 
and there fo re  fu rther m in ia tu riza tion  o f  th e  co il is beneficial, 
w h ich  again has the add itional advan tage  o f be ing  capab le  o f 
exciting  spins d ispersed  over a very  large bandw id th . A s w as 
show n in R ef. 64  27A l N M R  o f m inera l c rystals o f  on ly  a few  
nano liters is possib le . F o r the natu ral m ineral kyan ite , an 
A l2S iO 5 p o lym orph  hav ing  four crysta llog raph ic  d ifferen t A l 
sites w ith  quadrupo lar coup ling  constan ts rang ing  from  
3 .8  to 10.1 M H z, all spin transitions could  b e  m on ito red  dur­
ing  a ro ta tion  o f  the crystal about a sing le  axis. In th is case 
the  resonances belong ing  to  th e  sate llite  transitions are  d is­
tribu ted  over a b andw id th  o f  4  M H z.
B esides these  sing le  crysta l stud ies, N M R  can also p ro ­
v ide  valuab le  structural in fo rm ation  about p artia lly  o riented  
m ateria ls. H ere, the so leno id  geom etry  is particu la rly  w ell 
su ited  to  study  fibers. O rien ted  fibers p lay  an im portan t ro le  
b o th  in synthetic  po lym ers and in  b io log ica l m ateria ls such 
as fibrous p ro teins. W ith  the know n orien tation  o f  an in ter­
action  tensor w ith in  the m olecu la r fram e the study  o f  (par­
tially) o rien ted  m ateria ls g ives in fo rm ation  about th e  o rien ­
tation  o f  th e  m olecu les w ith  re sp ec t to th e  ex ternal structure  
o f  the m ateria l (e.g., fiber axis or m em brane p lane). M o re ­
over the degree  o f o rder can  b e  studied . A saku ra  e t at. have 
show n tha t sm all sam ples (70 fig )  o f a ligned  silk  fiber, w ith 
the  g lycines 1 -13C -enriched , can  b e  stud ied  using  13C CP- 
M A S experim ents.
N M R  o f sing le  crystals and p artia lly  o rien ted  sam ples 
does no t h av e  to  b e  res tric ted  to static  experim en ts. M A S is 
p oss ib le  as w ell, w ith  the advan tage  tha t hom onuclear d ip o ­
lar in terac tions tha t often  b roaden  sta tic  spectra  can b e  aver-
120aged. A s has been  described  by  M aricq  and  W augh, m agic 
ang le  spectra  o f  (partia lly) o rien ted  m ateria l m ain ta in  the an ­
iso trop ic  in fo rm ation  as long as th e  ro ta tion  speed  is low er 
than  the size o f  the in terac tion . In  that case  sp inn ing  a crystal
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at the m ag ic  ang le  g ives a sideband  pattern  w here  the am p li­
tudes and phases o f  th e  spinn ing  sidebands vary  as a function  
o f the size and o rien tation  o f  the tenso r w ith  respec t to the 
ro to r axis fram e. B ased  on this know ledge, Spiess and  c o ­
w orkers im plem ented  ro to r-synch ron ized  tw o-d im ensional 
(2D) and th ree-d im ensional N M R  experim en ts121,122 to  study  
structu re  and  order in partia lly  o rien ted  po lym ers. T his ap ­
p roach  has been  u sed  in a sing le  crysta l to  d e term ine  the
29 123orien tation  o f  the 29Si chem ical sh ift tensor in fo rsterite . 
M ore  recen tly  G ross e t at. h av e  show n that sing le  crystal 
ro ta tional echo doub le  resonance  (R E D O R ) experim en ts can 
be  u sed  to determ ine  th e  th ree-d im ensional o rien ta tion  o f 
he te ronuc lear bond  vectors in  an am ino acid , as w ell as the 
c ry s ta l’s o rien tation  re la tive  to the ro to r fram e .124 S u b se­
quen tly  this w as com bined  w ith  L ee -G o ld b u rg  C P  ex p eri­
m ents to  orien t hyd rogen  bonds w ith  respec t to the  C “ - N  
bond  w ith  the aim  to genera te  structu ral in fo rm ation  for p ro ­
teins. In genera l restric ting  the o rien ta tional d is tribu tion  in a 
sam ple b y  using  sing le  crystals or p a rtia lly  aligned  m ateria ls 
brings an im portan t sim plification  o f  th e  spectra  tha t m akes it 
po ss ib le  to  m ore  d irec tly  in terp re t the  an iso trop ic  in fo rm a­
tion  con ta ined  in  the M A S spectra. T hat such  techn iques are 
re la tive ly  little  u sed  is only  because  in general there  are no 
sam ples o f appropria te  size  availab le . M icroM A S  m igh t be  
able to fulfill the  p rom ise  held  by  these  techniques.
F o r ha lf-in teger quadrupo lar nuclei fast sp inn ing  gives a 
very  usefu l reso lu tion  enhancem en t o f  the spectra. Pow der 
M A S spectra  o f  these  nuclei are b roadened  by  the second- 
order quadrupo lar in terac tion  w hich  is no t averaged  b y  sp in ­
n ing at the m agic  angle. B y sp inn ing  single crystals these 
b roadened  lines can  be  avoided. T his is, for instance, very  
u sefu l for the study  o f  a lum inosilica tes such  as zeo lites. G en ­
erally  in  zeo lites there  are various cry s ta llog raph ica lly  d iffer­
en t fram ew ork  sites w hich  can b e  occupied  b y  a lum inum . B y 
the inheren t structu ral d iso rder that is p resen t in m ost zeo ­
lites the resonance  lines are no t on ly  b roadened  b y  the 
second-o rder quadrupo lar in terac tion  bu t also their d is tinc t 
features are b lu rred  by  d is tribu tion  in the N M R  param eters 
due to  the d isorder. T herefo re  m ostly  asym m etrica lly  b ro ad ­
ened  bu t fu rtherm ore  featureless lines are o bserved .125 S om e­
tim es M Q M A S experim en ts im prove reso lu tion  bu t very  few  
sam ples g ive  T -site  reso lu tion . In m icroM A S th is can  be  
achieved, how ever, as is dem onstra ted  for m esolite.
M eso lite  is a natu ra lly  occurring  zeo lite  in  the natro lite  
group  w ith  tw o structu ral fram ew ork  sites w hich  can b e  o c ­
cup ied  b y  A l w ith  Na+ and C a2+ p resen t in  the pores as 
charge-balancing  ca tio n s .126 D u e  to  th e  structu ral d iso rder 
the 27A l M A S spectrum  is b road  and featureless w ith  a little  
shoulder at the h igh-fie ld  side [Fig. 13(a)] . A n 27A l m icro ­
M A S spectrum  o f  a need le -shaped  (60 X 60 X 700 i m 3 
~  2.5 nl) sing le  crystal o f m esolite , ob ta ined  in  10 000 ac­
qu isitions, show s th ree  reso lved  resonances w ith  an app rox i­
m ate  in tensity  d is tribu tion  o f  1:2:1. A lthough  the  spectrum  
reso lves d ifferen t sites, th e  linew id th  is a lm ost 3 ppm , r e ­
flecting  th e  structu ral d iso rder in  the sam ple  lead ing  to a 
d is tribu tion  in chem ical sh ift and /or quadrupo lar in teraction . 
F o r com parison  a sheared  M Q M A S spectrum  o f  m eso lite  is 
show n in F ig . 13(c). In this case  th ree sites can  b e  reso lved  
as w ell, h ere  a substan tia l linew id th  o f  about 3 ppm  exists in
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FIG. 13. (a) 27Al MAS spectrum of a powdered mesolite sample. (b) 27Al 
MAS spectrum of a needle-shaped (60 X 60 X 700 im 3 ~  2.5 nl) single 
crystal of mesolite, obtained in 10 000 acquisitions. (c) 27Al sheared 
3QMAS spectrum of powdered mesolite obtained by acquiring 180 scans 
for 128 t1 increments. (d) F r projection of the 3QMAS spectrum in (c).
the  iso trop ic  d im ension  o f  the spectrum  [Fig. 13(d)] suppo rt­
ing  the conclusions from  the sing le  crysta l data. F urther 
w ork  is needed  to fu lly  assign the d ifferen t spectral lines and 
determ ine  the size  and orien ta tion  o f th e  quadrupo lar tensors 
b y  perfo rm ing  ro to r-synch ron ized  2D  experim en ts. A n im ­
p o rtan t bonus o f  the m icroM A S experim en ts is tha t they  can
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be in terp re ted  quan tita tive ly  w h ich  allow s ob tain ing  the o c ­
cupancy  o f the d ifferen t sites in the zeo lite  la ttice . T his is 
very  d ifficu lt to get from  the M Q M A S data. F u rtherm ore  it is 
w orthw h ile  to  no tice  tha t th e  m icroM A S experim en t on the 
single crystals needed  less than h a lf  the m easurem ents for 
the tr ip le-quan tum  m agic ang le  sp inn ing  (3Q M A S) ex p eri­
m en t on the pow dered  sam ple. A  full study  o f  various zeo ­
lites is underw ay.
C. Thin films
N M R  studies o f  th in  film s h ave  been  res tric ted  to  s itua­
tions w here  m any film s could  b e  stacked  in to  a sam ple of 
m acroscop ic  th ickness as can  b e  done for m em branes p re ­
p ared  on th in  g lass p la tes. T his m akes it p o ss ib le  to study the
127structure, o rien tation , and m obility  o f m em brane p ro teins. 
A no ther a lternative  is to  obtain  freestand ing  film s w hich  can 
be  stacked  or ro lled  or c rushed  as a pow der to  b e  inserted  in 
a so lenoid  coil. To study th in  film s in  their actual en v iron ­
m en t a flat de tec to r co il is desired . A s w as exp la ined  in Sec. 
III th e  strip line  geom etry  is favored  in  th is case  because  of 
its h igh  sensitiv ity  and sca lab ility  to  the actual sam ple d i­
m ensions. To exp lo re  this capab ility  a 10 ¡vm  th ick  film  of 
com m ercia l po lye thy lene  based  packag ing  m ateria l, co rre ­
sponding to  a sam ple  vo lum e o f  ~ 1 0  nl, w as p laced  over the 
strip line. A  p ro ton  s ing le-pu lse  excita tion  experim en t gave  a 
S /N  ratio  o f  165 in  as little  as four scans (R ef. 67 , F ig . 7). 
This p ro ton  w ide-line  spectrum  can b e  deconvo lu ted  in  th ree 
typ ical com ponents a ttribu ted  to the rig id , sem irig id , and soft 
am orphous phases o f  th e  p o lym er in  accordance  w ith  lite ra ­
tu re  data  on p o ly e th y len e .128 T his resu lt dem onstra tes the 
sensitiv ity  o f  the strip line  for th in-film  N M R  spectroscopy. 
A n app lication  w e aim  for is to support the search  for lig h t­
w eigh t m etal h yd ride  sto rage  m ateria ls. A s is show n by  D am
129et al. a th in -film  com binato ria l chem istry  approach  is a 
v iab le  m ethod  to iden tify  new  hydrogen  sto rage m ateria ls. 
This m ethod  cou ld  benefit trem endously  from  N M R  if  the 
h ydrogen  density  and  m obility  cou ld  be  v isualized . To e x ­
p lo re  this p oss ib ility  a p ro ton  H ahn-so lid -H ahn  echo
130experim en t for 5 nl o f  N aA lH 4 w as d ispersed  as a pow der 
onto the strip line  u nder am bien t cond itions. T he  spectrum  
appears to  be  com patib le  w ith  the observations in b u lk  m a­
terial, consisting  o f  a 42 .2  kH z b road  line  a ttribu ted  to 
N aA lH 4. A  second  narrow er com pound  builds up during  the 
experim ents p robab ly  due  to hydration /ox idation  o f  the 
sam ple. T hese  experim en ts ind ica te  tha t the strip line co n ­
figuration  m igh t b e  exp lo ited  for h igh ly  reso lved  m aterials 
im aging  o f  hydrogen  sto rage  m ateria ls and o ther com pounds 
grow n in th in-film  configurations.
D. Microfluidics
T he developm en t o f  flat m icroco ils has m ain ly  been  
driven  b y  the possib ility  to in teg ra te  them  in to  m icroflu id ic  
dev ices w ith  th e  aim  to add N M R  as a key  analysis technique 
in the develop ing  “lab  on a ch ip ” approach . T he grow ing 
in terest in sm all vo lum e chem istry  perfo rm ed  in  ded ica ted  
chip sets dem ands analy tical m ethods tha t can  han d le  the 
co rrespond ing  vo lum es. T rum bull e t a l.53 w ere  the  first to 
address this issue. M ak ing  a sing le  turn  p lanar coil they  suc-
t --------------1--------------1--------------1--------------1--------------1--------------1--------------1—:
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FIG. 14. (Color online) Single scan 1H spectrum of a 600 nl ethanol sample 
(analytical grade) obtained in a microfluidic stripline probe. The signal-to- 
noise ratio is ~5050 and the resolution better than 1 Hz. The insets show 
that the proton /-multiplets are resolved down to the baseline.
ceeded  in getting  w ell-reso lved  (1 .4 - 3  H z) spectra  for ap ­
p rox im ate ly  400  nl o f w ater and ethanol. S ensitiv ity  ap ­
p eared  to b e  re la tive ly  poor, how ever. U sing  tw o- and three- 
turn  flat he lica l co ils M assin  et a l.54 succeeded  in increasing  
the  sensitiv ity  by  an order o f  m agn itude  at the expense  of 
spectral reso lu tion  b y  the sam e num ber. W ensink  et a l.55 
m anaged  to im prove bo th  sensitiv ity  and  reso lu tion  w ith  a 
flat he lica l coil, operating  at very  low  field  (1.4 T ), above a 
stra igh t m icroflu id ic  channel. F ro m  our analysis o f  the s trip ­
line  geom etry66,67 w e concluded  tha t this w ou ld  no t only  be 
ab le  to  im prove  on sensitiv ity  b u t m ore  im portan tly  on re s ­
o lu tion  as suscep tib ility  b roaden ing  can be  avo ided  to a large 
ex ten t due  to  th e  sym m etry  o f the design  as is exp la ined  in 
Sec. III. In a p ro to type  p robe  w e w ere  ab le  to  dem onstra te  
the  sensitiv ity  o f  th e  strip line  design  detec ting  12 nl ethanol 
in a sing le  scan. T he L O D  w as determ ined  to  b e  2.5 
X 1013 sp in s / ^H z. U nfo rtunate ly  reso lu tion  w as flaw ed as 
the  p robe  w as bu ilt w ith  solids app lications in m ind. R e­
cen tly  a fu lly  in teg ra ted  strip line  design  tha t achieves tre ­
m endous reso lu tion  w as finished, as is show n in F ig . 14. A  
600 M H z p ro ton  spectrum  o f  600 nl e thano l w as obtained  
u nder flow ing cond itions in a sing le  scan. M ost im press ive  is 
the  reso lu tion  o f  1 H z w hich  allow s reso lv ing  the proton 
/-m u ltip le ts  dow n to the base line . T he ch ip  is m ade from  
silicon w here  surface charges induce  som e losses resu lting  in 
a low ering  o f the Q  o f  the resonator. A s a resu lt sensitiv ity  is 
som ew hat reduced  w ith  respec t to  theore tica l p red ic tion . F u r­
ther op tim izations o f  the p roduc tion  p rocess are underw ay. A  
nu ta tion  experim en t perfo rm ed  at a rf-fie ld  streng th  o f 
62 kH z (at 5 W  r f  pow er) show s the excellen t r f  ho m o g en e­
ity  o f  the strip line  design  w ith  an A 810/ A 9Q ratio  o f  0 .8 . T he 
re la ted  m icro slo t design  in troduced  b y  M ag u ire  e t al. also 
show s favorab le  num bers for sensitiv ity  and reso lu tion . As 
the  r f  field  is no t confined, th e  r f  hom ogene ity  is poorer, 
how ever. C onsidering  the successfu l im plem en ta tion  o f  the 
m icroflu id ic  chip w ith  strip line  detec to r a p robehead  that a l­
low s the p lacem en t o f  a m icroflu id ic  reac to r c lose  to the 
N M R  chip  w as bu ilt. K inetic  stud ies o f  a series o f  on chip 
reactions, such  as D ie ls -A ld e r reactions, a lcohol p ro tections, 
and ox idation  reactions are underw ay.
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VIII. CONCLUSIONS AND OUTLOOK
R ecen t developm ents in  th e  m in ia tu riza tion  o f rad io fre ­
quency  coils and appropriate  concepts to spin m icroscop ic  
sam ples at h igh  speed  around  the m agic  ang le  h ave  m ade  it 
po ss ib le  to  get N M R  spectra  o f  sam ples w h ich  are  availab le  
only  in m icrog ram  quan tities. So leno id  coils w ith  d iam eters 
dow n to a few  hund red  o f  m icrons m ake  it p o ss ib le  to  ac­
qu ire  b o th  sta tic  and  M A S spectra  o f  nano liters o f  m aterial. 
B esides their h igh  m ass sensitivity , th e  trem endous r f  fields 
offered  b y  these  coils can  b e  effic ien tly  exp lo ited  to excite  
spectra  w ith  resonances d ispersed  over very  large band- 
w idths and a llow  effective  decoup ling  schem es. In  general 
the rf-fie ld  streng th  is added  as a rea listic  design param eter in 
dev ising  N M R  experim en ts for, e .g ., quadrupo lar nuclei or 
param agnetic  system s. A lternative ly  m icroco ils m ake  it p o s­
sib le  to w ork  w ith  very  low  r f  pow ers w h ile  still generating  
r f  fields com parab le  to  cu rren t N M R  p robe  technology. This 
is one step  in the w ay  to low -cost possib le  tab letop  N M R  
equ ipm en t d iscard ing  the need  for h igh -pow er r f  am plifiers. 
A n  add itional advan tage  o f  the  p iggyback  m icroM A S design 
is tha t the supporting  “m acroM A S ” setup rem ains in tact 
w hich  m akes it p o ss ib le  to  run experim ents sim ultaneously  
or in  an in terleaved  way.
M oving  to flat de tec to r coils opens th e  w ay  for th in-film  
analyses by  N M R , w here  th e  film s can b e  stud ied  in  their 
actual setting  w ithou t add itional sam ple  prepara tion  steps. 
T he strip line  geom etry  proves to b e  th e  favorab le  design  for 
this type  o f  application , com bin ing  a very  h igh  sensitiv ity  
and reso lu tion  w ith  a full sca lab ility  to th e  sam ple  d im en ­
sions. M oreover the  strip line  should  b e  favorab le  in  avoiding 
E -field  induced  sam ple heating  in conducting  sam ples. The 
strip line concep t also allow ed  a b reak th rough  for the in teg ra ­
tion  o f  N M R  in a m icroflu id ic  contex t; w ith  th is design  there 
is no longer a trad e -o ff be tw een  sensitiv ity  and reso lu tion .
It can  b e  concluded  that, a lthough  still in its early  stages 
o f developm ent, m icroco il N M R  w ill open the  w ay  for m any  
novel app lications in N M R . It shou ld  be  rea lized , how ever, 
that w e are already  c lose  to  reach ing  th e  theore tica l lim its for 
inductive  detec tion . T herefore, fu rther im provem ents o f  d e ­
tector sensitiv ity  by  orders o f  m agnitudes are no t to  b e  e x ­
pected . A  poss ib le  rou te  to h igher sensitiv ity  is to  coo l coil 
and /or sam ple  to low  tem pera tu res. C ooling  b o th  sam ple and 
detec to r coil in a m icroM A S setup should  p ro v e  to be  m uch 
less dem and ing  than  in cu rren t cryoM A S p robe  technology. 
Fu rther sensitiv ity  enhancem en ts m ust com e from  th e  im p le ­
m en tation  o f  po lariza tion  enhancem en t schem es such  as d y ­
nam ic nuclea r po lariza tion , parahydrogen  based  reactions, or 
the use  o f  op tica lly  po la rized  nob le  gases. It should  b e  noted  
that a m in ia tu rized  design  m ay  also  h ave  an im pact on the 
feasib ility  o f  im plem en ta tion  o f  these  techn iques. F o r in ­
stance, the p roduction  o f hyperpo la rized  m olecu les th rough  
reactions w ith  p a ra -H 2 cou ld  b e  im plem en ted  in an u n co m ­
p lica ted  w ay  in  m icroflu id ic  dev ices as hydrogena tion  re a c ­
tions on ch ip  h ave  been  dem onstra ted . F o r D N P  m in ia tu rized  
dev ices allow  th e  construction  o f  m icrow ave  sing le  m ode 
resonan t structures w h ich  in  turn  w ou ld  g rea tly  re lax  the d e ­
m and for m icrow ave pow er. It is there fo re  an tic ipated  that
the  developm en t o f  h igh -sensitiv ity  m icro -N M R  technology  
w ill b ecom e a v ery  live ly  research  field  in the com ing  
decade.
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